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ABSTRACT 
 
Generation of Core/shell Nanoparticles with Laser Ablation. (August 2012) 
Young Kyong Jo, B.E.; M.E., Kyung Hee University 
Chair of Advisory Committee: Dr. Sy-Bor Wen 
 
Two types of core/shell nanoparticles (CS-NPs) generation based on laser ablation are 
developed in this study, namely, double pulse laser ablation and laser ablation in 
colloidal solutions. In addition to the study of the generation mechanism of CS-NPs in 
each scheme, the optical properties of designed CS-NPs are determined with UV-VIS-
NIR spectroscopy and EM field simulation. 
 
In the first scheme, which is double pulse laser ablation, two laser beams are fired in a 
sequence on two adjacent targets with different material. We have successfully 
demonstrated the generation of Sn/Glass, Zn/Glass, Zn/Si, Ge/Si, and Cu/Zn CS-NPs. 
Key factors affecting the generation of CS-NPs are (1) surface tensions of the 
constructing materials affecting the associated Gibbs free energy of CS-NPs, (2) 
physical properties of selected background gases (i.e., He and Ar), (3) delay time 
between two laser pulses, and (4) the amount of laser energy.  
 
The second scheme examined for the generation of CS-NPs is through laser ablation of 
solid targets in colloidal solutions. Compared to the double pulse laser ablation, this 
second approach provides better control of the size and shape of the resulting CS-NPs. 
Two colloidal solutions, namely, Au and SiO2 colloidal solution are applied in the 
second scheme. Key factors affecting the formation of CS-NPs with the second scheme 
and are (a) the adhesion energy between the shell and the core material, (b) the diameter 
of the core and (c) the laser ablation time and the laser energy.  
iv 
 
Red shift of absorption peaks are measured in both SiO2/Au and SiO2/Ag colloids 
compared with pure nanoparticles (NPs). The amount of red-shift is very sensitive to the 
shell thickness of the CS-NPs. The same red shift is reproduced with the corresponding 
full wave analysis. The observed red shift can be attributed to the additional surface 
plasmon resonance at the interface of metal/dielectric of the CS-NPs compared with pure 
nanoparticles. Through adjusting the material and size combination, the absorption peak 
of the CS-NPs can be tuned in a limit range around the intrinsic absorption peak of the 
metal of the CS-NPs. The freedom of adjusting the absorption peak makes CS-NPs is 
favorable in bio and optical applications.  
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1. INTRODUCTION 
 
1.1    Pulsed Laser ablation 
 
Laser ablation is a removal of material from a surface through an intense irradiation of a 
pulsed laser energy. Laser ablation has attracted attention in many areas of science and 
technology and has been applied in many field such as nanoparticles generation [1], 
pulsed laser deposition [2], laser surface cleaning [2], and microelectronic device 
fabrication [3].  
 
The evaporation of a target during laser ablation can be owing to either thermal or non-
thermal mechanisms, or sometimes both, depending on the laser wavelength, the pulse 
duration and the material been ablated [4]. The evaporation of the material with laser 
starts from the absorption of the laser energy during laser-material interaction. When a 
pulsed laser beam strikes on the surface of an opaque solid target, part of the incident 
energy is reflected, and the remaining part is absorbed within a few times of the optical 
depth of the target. In general, photons can couple with both electron and vibrational 
modes of the target material. For insulators and semiconductors, the light absorption is 
dominantly occurred through resonant excitations of the interband transitions or 
intersubband transitions of electrons [5]. Photons with energy below the band gap of the 
insulators and semiconductors are unlikely to be absorbed with insulators and 
semiconductors. In metals, the absorption of laser light is dominated with the free 
electrons in the conduction band through the mechanisms such as inverse 
bremsstrahlung (free-free transition).  
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Energy of excited electrons of metal, semiconductor and insulator during laser-material 
interaction is subsequently transferred to lattice phonons through electron-photon 
scattering and causes the heating of the material. The requiring time of the excited 
electron states to transfer energy to phonons is ~10-12 –10-10 s for metals and 10-6 s for 
non-metals.  
 
When laser-induced electron excitation rate is low in comparison to the thermalization 
rate through electron-photon scattering, most of the absorbed laser energy is converted 
into heat of the material. This process is called photothermal (pyrolytic) processing and 
the material response can be treated in a purely thermal way. For example, laser 
processing of metals or semiconductors with nanosecond pulsed laser are considered in 
this category. If the laser induced excitation rate is high in comparison with the 
thermalization rate, large electron excitations can build up in the intermediary states. 
This type of non-thermal material modification is typically referred to as photochemical 
(photolytic) processing. For instance, material processing with ultrafast femtosecond 
laser can be described as non-thermal process such as Coulomb explosion [6].  
 
In the current study, ablations are involved with nanosecond pulsed laser ablation 
through photothermal processing. During nanosecond laser ablation, the photon-electorn 
excitation and the followed electron-phonon relaxation results in the temperature 
increase of the sample material during the nanosecond laser pulse. As temperature 
increases above the melting temperature, a liquid interface is formed and propagates into 
the material. At the meantime, the surface of the sample material begins to evaporate and 
expand into background. The temperature of vapor plume can be much higher the 
critical temperature of the material and is mainly in a plasma phase. The formation of 
laser induced plasma is within ~100’s ps to ~1’ ns during the laser irradiation. The high 
temperature plasma can further absorb the incoming laser energy and to reach higher 
temperature through photoiozation and inverse bremsstrahlung. The reflection of the 
following laser energy with the laser induced plasma so-called plasma shielding [7]. Due 
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to the plasma shielding, only a fraction of nanosecond laser energy is actually used in the 
ablation process.  
 
At the end of the nanosecond laser pulse, the major evaporation of sample stops. Stored 
thermal energy in the condensed region of the ablation system is mainly dissipated with 
conduction, which results in a generation of material waves from near the laser spot 
through the material. At the same time, the laser induced vapor plume expands into the 
background rapidly. If the laser ablation is conducted in a background gas, shockwaves 
are generated in the gas region owing to the rapid expansion of the vaporized material 
which compresses the background gas. During the plume expansion, the thermal energy 
stored in the plume is released to the ambient and causes the temperature drops of the 
vaporized material. When the temperature of vapor plume is lower than the melting 
temperature of sample material, condensation of vapor plume happens and  leads to the 
generation of nano-material through either homogeneous or heterogeneous nucleation. 
 
There are several advantages in material processing with the laser ablation compared 
with the conventional methods such as physical machining and chemical methods. For 
example, the laser ablation can be applied to almost every solid material with little 
sample preparation when the laser parameters such as wavelength or laser energy are 
properly selected. In addition, laser ablation is a fast process causing limited thermal 
damage of the base material, which is required in many precise material processing.  
 
1.2 Core/Shell Nanoparticles 
 
1.2.1 Application 
 
Core-shell nanoparticles (CS-NPs), a group of nanoparticles (NPs) composed with 
layered structures of different material, have received a significant attention recently. 
The CS-NPs can provide several unique features compared to traditional NPs with 
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uniform structures. First of all, optical properties can be tuned with CS-NPs by adjusting 
the material composition and size/shape of the CS-NPs [8-10]. For example, it has been 
reported that emission and absorption peaks of CS-NPs can be tweaked by adjusting the 
surface plasmon and localized plasmon frequencies of the CS-NPs. The surface plasmon 
and localized plasmon frequencies of the CS-NPs are function of the dielectric constant 
and size ratio of the core and shell(s) material of the CS-NPs.  [9, 11-12]. In addition to 
the adjustable optical properties, CS-NPs can provide magnetic properties such as 
enhanced ferromagnetism, super-paramagnetism, or coercivity comapred with single 
element NPs [13-14]. Furthermore, chemical properties such as catalytic efficiency can 
be significantly improved with the combinations of selected types core/shell materials. 
For instance, Ru/Pt CS-NPs exhibited less CO poisoning at the fuel cell system, and 
Pt/Pd CS-NPs presented a great electrocatalysis compared with single element nano-
particles [15-16]. Due to the capability to freely designing and adjusting their physical 
properties, CS-NPs have potentials to further advance the applications of NPs in optical, 
electrical, and bio applications [12, 17-22].  
 
1.2.2 Fabrication methods 
 
Several generation methods have been reported to create the CS-NPs of various 
configurations. For instance, a significant portion of studies have been focused on wet-
chemistry method which involves the chemical reaction between seed materials (either 
core or shell) and surrounding liquids for generating core/shell structure [23]. A wide 
group of wet-chemistry method have been reported such as reverse micelles [24], sol-gel 
process [25], and polymerization [26]. However for large scale production, wet-
chemistry methods, sometimes, are not eco-friendly because they are inherently batch 
processes that require the use and disposal of environmentally hazardous solvents [27]. 
In addition to wet-chemistry methods, physical methods have also been created for CS-
NPs generation. Physical methods have advantages over wet-chemistry methods owing 
to their intrinsic in-situ processes requiring less sample preparation and do not require 
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eco-hazard solvents. Such physical method includes particle coating processes using 
spray pyrolysis [28], heated flow tubes [29-33], flame synthesis [34-35] and plasma 
methods [36-38]. All these methods produces CS-NPs require relatively short production 
times with little involvement of solvents and minor sample preparations. Laser ablation 
is one of the physical methods capable in generating NPs. A few schemes have been 
established for generating CS-NPs with laser ablation such as laser ablation in reactive 
gases [14, 39-41], laser ablation in liquids [42-45]. Generally, laser ablation can be 
applied in a wide variety of materials. Therefore, it has advantages in fast processing and 
high flexibilities in material selection of CS-NPs [46-47]. In addition, CS-NPs with laser 
ablation, like most physical methods, is an in-situ generation process with few required 
generation steps and little sample preparation. These combined advantages of CS-NPs 
generation with laser ablation allow it to be a potential platform for generating all types 
of CS-NPs with specified material combination, which is important in the experimental 
characterization of physical/chemical properties of CS-NPs with different size, shape, 
and material combination for electrical, optical, bio and chemical applications.   
 
1.3 Dissertation Objectives and Outline 
 
The main purpose of this study is to introduce new CS-NPs generation methods with 
advantages of ns laser processing. As described above, nanosecond laser ablation 
provides versatility and simplicity in material processing, which can allow the 
generation of CS-NPs with a wide variety of combination through a relatively simpler 
process compared with traditional chemical methods. Two new type of CS-NPs 
generation processes are developed in this study with ns laser ablation, namely, double-
pulse laser ablation and laser ablation in colloidal solution. 
 
In chapter II, the first CS-NPs generation scheme, which is double pulse laser ablation, is 
introduced. In-situ plume dynamics and particle formation during double laser ablation 
are studied with the thermal emission and laser induced luminescence imaging to 
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identify the appropriate experimental conditions and the key factors determining  the 
generation of CS-NPs with double pulse laser ablation. In chapter III, the second CS-
NPs formation method, laser ablation in colloidal solution, is presented. Key factors 
determining the generation of CS-NPs through ablation in colloidal solutions are also 
studied in this chapter. In chapter IV, optical characteristics of resulting CS-NPs from 
laser ablation are examined with the UV-VIS-NIR spectroscopy and explained with 
corresponding full wave electrodynamics analysis. In chapter V, concluding remarks are 
presented to summarize the findings of this study and the applicable future research.  
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2. GENERATION OF CS-NPs WITH DOUBLE PULSE LASER 
ABLATION 
 
2.1. Introduction  
 
Laser ablation provides a possible root of fast processing and high flexibility in 
producing designed CS-NPs generation. CS-NP generation with laser ablation, generally 
speaking, involves a few standard steps and is especially useful in fast prototyping 
designed nanoparticle to examine their physical/chemical properties. Several schemes 
have been established for generating CS-NPs with laser ablation in the past decade. For 
example, CS-NPs have been formed with laser ablation of solid embedded in liquid [48-
50]. This method involves with the ablation of solid sample in liquid environment to 
form oxide nanoparticles [43]. Also, CS-NPs can be produced by simultaneously using 
resistive evaporation and laser ablation in an inert gas condensation (IGC) system [41]. 
In this method, IGC system is employed to produce the core and the resistive 
evaporation is used to form the shell. By utilizing such method, magnetic Ni/CoO CS-
NPs were successfully generated. Furthermore, laser ablation in the reactive gas is also 
reported for the CS-NPs formation [39, 51]. With this method, the graphite encapsulated 
metallic particles were generated with laser ablation on solid samples in CH4 
environment. CS-NPs can also be generated from Laser Ablation of Microparticles 
(LAM) [47]. LAM is a process of nanoparticle formation in which microparticles in a 
flowing aerosol are continuously ablated by high-power laser pulses. Such method has 
been used in generating CdSe/ZnS and Zn/CdSe CS-NPs. For all existing laser ablation 
methods to generate the CS-NPs, however, have limitations in the combination of the 
core and the shell material and/or require a preparation of special precursors (e.g., LAM) 
before the experiments.  
  
To address the issues listed above, a novel double pulse laser ablation scheme is 
proposed in this study which involves with a sequence of laser ablations on two closely 
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separated materials. The interaction of the two closely separated laser induced plasma 
from the two ablations with specified delay times will allow the formation of CS-NPs 
with desired core and shell material structures. The first laser pulse ablated the target for 
the core material and forms condensed nano-particles in the background gas. Before the 
condensed core material is carried away with background flow, a second laser ablation 
can be triggered to vaporize the shell material and form an additional coating on existing 
core particles if the core and shell material are compatible and the condensed core 
particles are properly mixed with the vaporized shell material. This new scheme 
provides several advantages such as highly flexibility in producing CS-NPs with 
different compositions through adjusting the materials of the two targets along with 
delay times between two ablations in the experiments. In addition, due to the extremely 
fast cooling of the laser induced plasma (>~10,000 K/s) compared with other methods, 
particles with metastable core/shell structures have potentially to be generated with this 
new scheme.  
 
To validate the proposed new scheme, designed double pulse laser ablation with a 
variety of material combinations of CS-NPs were conducted. The designed experiments 
include a verification of the contribution of (1) surface tensions of the core and shell 
material, (2) Gibbs free energy of the CS-NPs if they are formed, (3) contribution of 
background gases (He and Ar), (4) contribution of delay time between two lasers pulses 
(1, 8 ms), and (5) contribution of laser energy, on the formation of CS-NPs with this new 
scheme. 
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2.2    Experimental Setup 
 
2.2.1. Experimental system  
 
A schematic for the experimental setup is illustrated in figure 1. A ns optical parameter 
oscillator (Opotek Inc., Vibrant 355 series) operating at 355 nm with E~20 nJ and ~4-7 
ns pulse width is adopted as the light source for ablating target of the core material. A 
193 nm and ~4 ns pulse width ArF excimer laser (GAM Laser Inc., EX5/200-104) is 
applied as the light source for the ablation of the shell material. Ablations are conducted 
in the cubic cage (75mm×75mm×75mm) with two laser windows and two imaging 
windows. The first target (for the formation of core) and the second target (for the 
formation of shell) are placed perpendicularly with respect to each other at the center of 
the chamber (figure 2). Note that the location between two samples is confirmed with the 
range within two plumes overlapped as shown in figure 2(c). An Intensified Charge-
Coupled Device (ICCD) system with 1024 × 1024 pixels resolution (Andor, I-Star, 734 
GEN series) is utilized to capture plasma emission images through the camera lens. The 
time delays between the excimer laser and the tunable laser are controlled with a delay 
generator (BNC, MODEL 575 Pulse/delay generator) as shown in figure 1. The delay 
generator provides ps precisions to trigger the second laser at a specified delay time with 
respect to the first laser. The accuracy of the delay generator is monitored with a 
500MHz oscilloscope and high response photodiodes detecting the lasing of the first and 
the second laser. 
 
Two types of background gases, He and Ar, are utilized to the ablation chamber with 
specified flow rate controlled with a mass flow controller (MFC). The generated NPs are 
collected with TEM grid with thin carbon membrane (Electron Microscopy Sciences, 
CF200-Au, CF200-Cu) placed to the outlet gas channel for the background gas. In the 
present study,  Sn (Goodfellow Inc., wire, 1.0mm diameter, 99.99+% purity), Zn 
(Goodfellow Inc., wire, 1.0mm diameter, 99.99+% purity), Si (Addisonengineering Inc., 
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wafer, diameter 125 mm, N-type, orientation <100>), and Cu (Goodfellow Inc., rod, 
2.0mm diameter, 99.99+% purity) are selected as the targets for the double pulsed laser 
ablation to generate CS-NPs. The collected CS-NPs are examined with scanning electron 
microscope (SEM, FEI Quanta 600 FE-SEM) to determine the particle size and shape 
distribution. Also, high resolution transmitted electron microscope (HRTEM, FEI Tecnai 
G2 F20 FE-TEM) and energy dispersive X-ray spectroscopy (EDS, PGT EDS System) 
are applied to determine the structure of CS-NPs along with their chemical composition.  
 
 
 
Figure 1. Schematic of the experimental setup for generating CS-NPs with double pulse laser 
ablation 
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Figure 2. (a) Schematic of the sample alignment with double pulse laser ablation (b) Captured 
ICCD real time image to adjust the sample location (c) Thermal emission image of two ablated 
plumes to confirm the plume overlap 
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2.2.2. Observation of particles generation with the single pulse laser ablation 
 
In order to find the appropriate delay time between two laser pulses during the double 
pulse laser ablation to successfully generate CS-NPs, in-situ particle formation from the 
single pulse laser ablation is examined. It has been reported in the previous studies that 
laser ablation in ambient gas provides the significant nanoparticle condensation at 
100’~1000’ μs after the laser pulse because temperature of the vapor plume is lower than 
the boiling temperature of vapor materials during this time interval [52-57].  
 
To verify the onset time of in-situ particle generation with our laser conditions, two 
imaging techniques are applied. One is the thermal emission imaging to capture the early 
stage of laser induced vapor plume. The other is the laser induced luminescence imaging 
to capture the nanoparticles generated from the condensation and nucleation stage. These 
are illustrated in figure 3 (a) and (b), respectively. E~100 mJ of Nd:YAG laser with 532 
nm is utilized for Sn ablation. A ns optical parameter oscillator operating at 355 nm 
tunable laser is applied as the probe beam. The delay time between the Nd:YAG laser 
and ICCD is presented in figure 4.  The excitation wavelength applied is 497.97 nm 
referred from NIST atomic spectra database of Sn [58]. In order to avoid the scattering 
light from the probe beam and other particles, 100 nm of ICCD delay time is applied. 
  
Figure 3(a) shows the in-situ thermal emission images of the laser induced Sn vapor 
plume. At the beginning of laser ablation (~few ns), hot Sn plasma plume is generated 
and expands into the background (He). The plume keeps losing its energy during 
expansion. The plume emission is unable to be captured about 3 µs after the laser pulse 
when the plasma temperature is too low and condensation is about to happen. Figure 
3(b) shows the laser induced luminescence images of generated Sn nanoparticles after 
temperature drop. At ~300 μs after laser ablation, significant Sn vapor condensation 
happens and nanoparticles are formed and provides detectable laser induced 
luminescence during the imaging. The condensed particles keep grows in the following 
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hundred μs and provides stronger and stronger luminescence during the imaging. The 
strong laser induced luminescence signal from t>~500 µs suggest that at least few 
hundreds μs delay time will be required to obtain large enough nanoparticles from the 
single pulse laser ablation under our experimental conditions.  
 
 
 
 
 
Figure 3. (a) Schematic of the thermal emission imaging. ICCD captures thermal emissions from 
the laser induced plasma plume (b) Schematic of laser induced luminescence imaging. Generated 
Sn nanoparticles from the condensed vapor plume are captured by probe laser induced 
luminescence light   
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Figure 4. (a) In-situ thermal emission images of the  laser induced Sn plume. Sn vapor plume is 
losing its thermal energy during the expansion. (b) Laser induced luminescence images of the 
generated Sn nanoparticles from the condenbation of the Sn vapor plume. Sn nanoparticles are 
significantly observed ~300μs after the laser pulse in the current experimental conditions. 
(Brightness and contrast are adjusted) 
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2.2.3. Description of double pulse laser ablation 
 
As presented in figure 4, significant nanoparticles are formed from few 100’ μs after the 
laser pulse. Double pulse laser ablation involves the idea that coating of existing 
nanoparticles can be made with another laser ablation as shown in figure 5(a). It is 
expected that if another laser ablation is applied after particles formation from the first 
laser ablation, those pre-existing particles from the first laser ablation can be coated by 
condensation of second laser induced vapor. Illustration of the setup of the double pulse 
laser ablation is in figure 5(b). In this setup, Nd:YAG laser is triggered first to generate 
the core NPs from sample 1, and then excimer laser is triggered to produce the shell 
from sample 2.   It is critical to use the proper delay time between two lasers in order to 
obtain the CS-NPs formation. In the present study, 1ms is applied because numerous 
large core particles exist at this moment based on figure 4.   
 
  
 
 
Figure 5. Schematics of double pulse laser ablation. (a) Idea of shell generation on the existing 
nanoparticles from the first laser ablation, and (b) illustration of double pulse laser ablation in the 
current study 
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2.3  Results and Discussion 
 
Under all the laser energy and background conditions examined in this study, CS-NPs 
are successfully generated under certain conditions (e.g., Sn/glass in Ar and Zn/Si in Ar) 
but not others (e.g., Glass/Sn in Ar and Si/Ge in Ar). To identify the dominating 
parameters on the formation of CS-NPs with the proposed double pulse laser scheme, 
formation of CS-NPs with different (a) surface tension of core and shell materials, (b) 
delay time between the two lasers, (c) background gas type, (d) laser energy for ablating 
the core material are examined. These four parameters were determined to be important 
in previous single component NP generation with laser ablation [53]. The result of each 
set of experiment is presented and discussed as follows.  
 
2.3.1 Effect of surface tension 
 
From the previous studies, generating nanoparticles from laser ablation can be attributed 
to a sequence of phase change processes including solid material boiling, evaporation 
and nucleation into nanomaterials [59-61]. A major difference between the single 
element nanoparticle generation and the CS-NPs generation is mainly on the additional 
interface between the core and the shell materials during the particle formation, which is 
not presented in single element laser ablation. It is expected that the ease of the 
formation of the specified CS-NPs should be a function of intermolecular forces within 
the core, shell and interfaces of CS-NPs. The surface tension between the core and the 
vapor of the shell material should be larger than combination of the surface tension of 
shell vapor and the interfacial tension between the core and shell to proper cover of the 
entire core (solid or liquid) with the liquid shell under the thermal equilibrium condition 
[62-65].  This statement is valid for the condensation of liquid shell on either solid or 
liquid cores under local thermal equilibrium conditions [62]. In the present study, Si, Zn, 
Ge, Sn, and Glass with different surface tensions were selected as the ablation targets to 
first identify the possibility of formation of  CS-NPs under high surface tension core/low 
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surface tension shell (high/low) and low surface tension core and high surface tension 
shell (low/high) combinations. The properties of examined materials are listed in table 1.  
 
 
Table 1. Thermal properties and surface tensions of target materials examined in this study 
 
 Cu Zn Sn Si Ge Glass 
Melting point 
(K) 
1357.77 692.68 505.08 1687 1211 1920 
Boiling point 
(K) 
2835 1180 2875 3538 3106 2470 
Surface tension 
at melting point 
(mJ/m2) 
1355 789 560 865 621 100 
 
 
 
(a) Case 1: Zn/glass CS-NP (high/low combination) 
 
 To study the possibility of the generating CS-NPs with core material with higher surface 
tension and shell material with lower surface tension, Zn core and glass shell 
combination were examined in the case 1 study. Zn has higher surface tension 
coefficient (~790 N/m) than glass (~100 N/m) at high temperature (i.e., >670 K). Zn is 
ablated as the core material with the tunable laser ablation (Nd:YAG, 355 nm), and glass 
(SiO2) is applied as the shell material with excimer laser ablation (EX5/200-104, 193 
nm). Both materials have strong absorption spectra and low ablation threshold within the 
specified wavelengths and can result in efficient laser ablation. CS-NPs are successfully 
generated under this condition. Figure 6(a), (c) show the High-Resolution Transmission 
Electron Microscope (HRTEM) images of Zn/glass CS structure. Core diameter is 
measured ~12 nm, and the shell thickness ranged from 3.5~4nm. Due to higher atomic 
weight in Zn, the electron scattering cross section is larger, and the contrast of Zn is 
higher than glass (SiO2). To verify the compositions of core and shell region, ~1nm size 
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Energy Dispersive Spectroscopy (EDS) probe beam is applied throughout the CS-NP. 
The EDS line scanning result is presented in figure 6 (b) and (d). The beam path is 
indicated as a red line on the HRTEM image. The maximum Zn signal is shown at the 
center of particle, and the maximum SiO2 signal is shown at the edge of particle, which 
is an evidence of the formation of Zn/glass CS-NPs under the examined condition.  
 
 
Figure 6. Zn/glass CS-NP. (a), (c) HRTEM image of Zn/glass CS-NP. The Zn region is darker 
than the glass (SiO2) region due to its higher atomic weight, (b), (d) EDS line profile of Zn/glass 
CS-NP. The maximum Zn signal appears at the center of particle, and the maximum SiO2 signal 
appears at the edge of particle, which suggests a Zn/glass CS structure. The red line shows the 
EDS beam path. 
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(b) Case 2: Sn/glass CS-NP (high/low combination) 
 
Sn/glass CS, is tested as another high/low core/shell combination to verify the formation 
of CS-NPs under such combination. Sn has higher surface tension coefficient (~560 
N/m) than glass (~100 N/m) in its melting temperature. Detail experimental conditions 
such as laser energy, background gas type, and gas flow rate are presented in table 2. 
Similar to the results from Case 1, figure 7(a) shows HRTEM image of the collected 
NPs. Core diameter is measured ~10 nm, and the shell thickness ranged from 5~7 nm. 
Due to higher atomic weight, Sn is darker than Glass. EDS line profile is presented in 
figure 7(b). The beam path is indicated as a red line on the HRTEM image. From the 
EDS provided, since Si and O show the same trend compared with Sn, it is expected that 
the formed nanoparticle contains SiOx and Sn rather than a simple mixture of Sn-Si-O. 
Since Sn has a peak at the center compared SiOx has a peak at the shell, it is expected 
that the generated CS-NP is a Sn core and SiOx shell particle. The broadening of the Sn 
signal to the shell region can be understood by the electron beam broadening due to the 
presence of interface between heavier core and lighter shell material in the Sn/SiO2 
combination. Sn has a significant higher atomic weight compared with the shell material 
[66]. Based on a quantitative formula provided in reference [66], the broadening of the 
Sn in EDS can be ~15 nm, which is comparable to the generated shell thickness in this 
experimental condition. 
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Figure 7. Sn/glass CS-NP. (a) HRTEM image of a Sn/glass CS-NP. The Sn region is darker than 
the glass (SiO2) region in the HDRTEM images due to its higher atomic weight, (b) EDS line 
profile of the Sn/glass CS-NP.  The maximum Sn signal appears at the center of particles, and 
the maximum SiO2 signal appears at the edge of particle, which suggests a Zn/glass CS structure. 
The red line shows the EDS beam path 
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Table 2. Experimental conditions for the effect of surface/interfacial energy, background gas, 
delay time, and laser energy. 
 
 Surface/interfacial energy effect Background gas effect Delay time effect 
Laser energy 
effect 
Type of 
CS-NPs 
designed 
Zn/GlassSn/Glass Zn/Si Ge/Si Cu/Zn Sn/Si Cu/Zn Sn/Si Cu/Zn Sn/Si 
First 
laser 
(Core) 
Tunable 
Nd:YAG 
(355 nm, 
20mJ) 
Tunable 
Nd:YAG 
(355 nm, 
20 mJ) 
Tunable 
Nd:YAG 
(355 nm, 
20mJ) 
Tunable 
Nd:YAG 
(355 nm, 
20mJ) 
Tunable 
Nd:YAG 
(355 nm, 
20 mJ) 
Tunable 
Nd:YAG 
(355 nm, 
20 mJ) 
Tunable 
Nd:YAG 
(355 nm, 
20 mJ) 
Tunable 
Nd:YAG 
(355 nm, 
20 mJ) 
Tunable 
Nd:YAG 
(355 nm, 
8,31 mJ) 
Tunable 
Nd:YAG 
(355 nm, 
8,31  mJ)
Second 
laser 
(Shell) 
Excimer 
(193 nm, 
9mJ) 
Excimer 
(193 
nm, 
9mJ) 
Excimer 
(193 nm, 
9mJ) 
Excimer 
(193 nm, 
9mJ) 
Excimer 
(193 nm, 
9mJ) 
Excimer 
(193 nm, 
9mJ) 
Excimer 
(193 nm, 
9mJ) 
Excimer 
(193 nm, 
9mJ) 
Excimer 
(193 nm, 
9mJ) 
Excimer 
(193 nm, 
9mJ) 
Gas type 
 Ar Ar Ar Ar Ar, He Ar, He Ar Ar Ar Ar 
flow rate 
(Standard 
liter per 
meter, 
SLPM) 
3 3 3 3 3 3 3 3 3 3 
Core 
material Zn Sn Zn Ge Cu Sn Cu Sn Cu Sn 
Shell 
material Glass Glass Si Si Zn Si Zn Si Zn Si 
Delay 
time (ms) 1 1 1 1 1 1  1,  8 1, 8 1 1 
 
 
(c) Case 3: Zn/Si CS-NP (low/high combination) 
 
In this portion of study, the possibility of formation of CS-NPs with the low/high 
core/shell surface tension materials is examined.  Zn core and Si shell combination 
which has low and high surface tension coefficients respectively (Zn:~789 N/m, Si: 
~865 N/m) is carried out in this portion of study. Detailed experimental conditions are 
presented in table 2.  From the HRTEM images obtained after the experiment, Si 
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covered Zn particle is observed in figure 8(a).  Zn is darker than Si due to its atomic 
weight difference. The shell thickness is around 2~4nm. EDS line profile is presented in 
figure 8(b). The beam path is indicated as a red line on the HRTEM image. The center 
region shows strong Zn signal while edge region shows strong Si signal, which is an 
evidence of the formation of Zn/Si CS-NPs under the examined condition.  
 
 
Figure 8. Zn/Si CS-NP. (a) HRTEM image of a common Zn/Si CS-NP from the experiment. Zn 
region is darker than Si region in the HRTEM image due to higher atomic weight, (b) EDS line 
profile of Zn/Si CS-NP.  The maximum Zn signal appears at the center of particle, and the 
maximum Si signal appears at the edge of particle, which suggests a Zn/Si CS structure. The red 
line shows the EDS beam path. 
 
(d) Case 4: Ge/Si CS-NP (low/high combination) 
 
Ge/Si CS-NPs is examined as another material combination for the low surface tension 
core and high surface tension shell (Ge: ~621 N/m, Si: ~865 N/m). Detail experimental 
conditions are also presented in table 2. From the HRTEM images, Si covered Ge 
particle is observed in figure 6(a) (Ge is darker than Si in the TEM image due to its 
higher atomic weight).  However the Si shell is not smooth and does not entirely cover 
the Ge core. EDS line profile is measured throughout the core shell region as shown in 
figure 9(b). The beam path is indicated as a red line on the HRTEM image. The center 
region which is black sphere on figure 9(a) shows strong Ge signal, and the edge region 
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shows strong Si signal, which is an evidence of the formation of Ge/Si CS-NPs under the 
examined condition.  
 
 
Figure 9. Ge/Si CS-NP. (a) HRTEM image of Ge/Si CS-NP. The Ge region is darker than the Si 
region due to its higher atomic weight, (b) EDS line profile of Ge/Si CS-NP. The strong Ge 
signal appears at the center of particle, and the SiO2 signal appears at the edge of particle, which 
suggests a Ge/Si CS structure.  The red line shows the EDS beam path. 
 
Based on the result of the above four cases, the possibility of formation of CS-NPs with 
the new scheme is not simply determined by the surface tension relation between the 
core and the shell material. CS-NPs can be generated from the core/shell combination 
with either low surface tensions core/high surface tension shell or high surface tension 
core/low surface tension shell combinations. To identify the role of surface tension on 
the formation of CS-NPs, the Gibbs free energy analysis for a CS-NPs is conducted as 
follows: when the condensed core particles are mixed with the vapor of the designed 
shell material from the second laser ablation, the vaporized shell material will either coat 
on existing core particles to form CS-NPs through heterogeneous nucleation, or will 
form separate NPs with respect to the core particles from the homogeneous nucleation. 
In order to obtain a large number of CS-NPs rather than separated particles with either 
the core material or the shell material, the Gibbs free energy for the formation of CS-
NPs should be lower than the Gibbs free energy for the formation of separated particles 
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composed with single element as illustrated in figure 10 (1). The Gibbs free energy for 
the formation of CS-NPs can be estimated as  
 
SCSSCSCSSCCNPCS AAGVGVE γγ ,)( ++Δ+Δ−=−  (2.1) 
 
where V and A are the volume and surface area of particles respectively; SGΔ  is the 
Gibbs free energy of the bulk core or shell material; γ  is the surface tension of the 
material. Subscripts C and S indicate the core and shell properties, respectively. CSγ  
represents the interfacial energy between the core and the shell interface [67].  For 
example, the surface area of core in figure 10 (1) will be Ac, and the surface area of shell 
of a core/shell structure in figure 10 (2) will be CSSA , . 
 
The Gibbs free energy for the formation of pure element particles containing either the 
core element or the shell element (c.f., figure 10 (2)) can be expressed as  
 
SCSNOSCCSSCCparticlesSeperate AAGVGVE γγ −++Δ+Δ−= ,)(  (2.2)  
 
where, CSNOSA −, , refers to the surface area of the single particle from the shell material 
when the amount of shell material does not coat on existing core particles but forms 
separated particles. For example, the surface area of the condensed particle with the shell 
material when it didn’t form a core/shell structure, as in figure 10 (1), will be CSNOSA −, . 
 
The difference between NPCSE − and particlesSeperateE , which is EΔ , can be expressed as 
 
)()( ,, CSNOSCSSSCCSCparticlesSeperateNPCS AAAEEE −− −+−=−=Δ γγγ  (2.3) 
 
EΔ  should be a negative number to have high possibility for the formation of CS-NPs 
from the double pulse laser ablation. 
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Figure 10. Schematic for the configuration of idealized NPs (1) composed with either core or 
shell materials (i.e., CS-NPs are not generated from the double pulse experiment), and (2) with 
core/shell structure (i.e., CS-NPs generated from the proposed double pulse experiment). 
 
To examine the contribution of EΔ  on the formation of CS-NPs, EΔ  as function of 
interfacial energy, CSγ , for the four material combinations presented in the last section 
(i.e., Sn/glass, Zn/glass, Zn/Si, Ge/Si) are plotted in figure 11. Note that CS-NPs are 
successfully generated under those four combinations. Also, the EΔ  under 
corresponding inversed CS material combinations, namely, (a) Glass/Sn combinations, 
(b) Glass/Zn combinations, (c) Si/Zn combinations, and (d) Si/Ge  combinations are 
illustrated in figure 11. The reversed combinations are examined by exchange the 
ablation sequence of the core and the target material. Note that we experimentally 
observe CS-NPs from only one of these revered combinations (i.e., Si/Zn), which 
provides the required particle size information for the calculation of the associated Gibbs 
free energy of the generated CS-NPs. The particle size information required for the 
Gibbs free energy analysis for the other three failed reversed cases are extracted from  
the corresponding successful original combinations (i.e., Sn/Glass, Zn/Glass, and Ge/Si) 
under the assumption that the change of the laser sequence does not change the ablation 
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behavior of the core and shell targets. Comparisons of the calculated EΔ  value as 
function of CSγ  for the four original and reversed combinations are listed as follows: 
 
 
Figure 11. Contribution of interfacial energy to Gibbs’ free energy difference(ΔE) between the 
single particle and CS-NP generation; (a) Sn/Glass and Glass/Sn CS-NPs, (b) Zn/Glass and 
Glass/Zn CS-NPs, (c) Si/Zn and Zn/Si CS-NPs, (d) Si/Ge and Ge/Si CS-NPs. Each square dot 
and circle dot represents the CS-NPs with high/low and low/high surface tension material 
combinations respectively. To generate the CS-NPs under thermal equilibrium conditions, ΔE 
should be negative. 
 
- glass/Sn and Sn/glass: for the glass/Sn and Sn/glass combinations (figure 11(a)), ΔE is 
always positive for glass/Sn CS-NPs, and negative for Sn/glass CS-NPs under all kinds 
of interfacial energy values between these Sn and glass (note that the interfacial energy 
of two materials has few tabulated data and is affected by quality of the interface 
between the two materials. In most cases, the interfacial energy is less than the surface 
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tension energy of the material constructing the interface [68]). Therefore, Sn/glass CS-
NP can be easily generated from double pulse laser ablation compared with glass/Sn CS-
NP. This trend is consistent with the experimental observation from this study; no CS-
NPs are observed in glass/Sn but in Sn/glass combination. 
  
- glass/Zn and Zn/glass: for the Zn/glass and glass/Zn combinations (figure 11(b)), ΔE is 
always positive for glass/Zn CS-NPs, and negative for Zn/glass CS-NPs under all kinds 
of interfacial energy values between these Zn and glass. Therefore, Zn/glass CS-NPs can 
be easily generated from double pulse laser ablation compared with glass/Zn CS-NPs. 
This trend is consistent with the experimental observation from this study; no CS-NPs 
are observed in glass/Zn combination but in Zn/glass combination. 
 
- Zn/Si and Si/Zn: for the Zn/Si and Si/Zn combinations (figure 11(c)), ΔE of Zn/Si CS-
NP is changed from the negative value to the positive value when interfacial energy is 
~230 mN/m. Since ΔE is varied a lot in terms of the interfacial energy, we estimate the 
interfacial energy for this specific combination (Zn/Si) based on [64], which provides an 
interfacial energy value ~80 mN/m.  ΔE of Zn/Si CS-NP is much smaller than that of 
Si/Zn CS-NP around this interfacial energy value as illustrated in figure 11(c). Therefore, 
Zn/Si CS-NP can be easily generated compared with Si/Zn CS-NP under the laser 
energy studied. This trend is consistent with the experimental observation from this 
study: a large percentage of Zn/Si CS-NPs and very few Si/Zn CS-NPs are observed 
under experimental conditions studied. 
 
- Ge/Si and Si/Ge: for the Ge/Si and Si/Ge combinations (figure 11(d)), ΔE is varied 
from the negative to the positive values under the different interfacial energy between 
Ge and Si. Therefore, the approximated interfacial energy value between Ge and Si is 
again estimated with the formula provided in [64], which provides a value ~ 70 mN/m. 
ΔE of Ge/Si CS-NP is much smaller than that of Si/Ge CS-NP around this interfacial 
energy as illustrated in figure 11(d). Therefore, Ge/Si CS-NP can be easily generated 
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compared with Si/Ge CS-NP under the laser energy studied. This trend is consistent with 
the experimental observation from this study; a larger percentage of Ge/Si CS-NPs but 
no Si/Ge CS-NPs are observed under experimental conditions studied. 
 
As a short summary, CS-NPs can be successfully generated with the proposed two laser 
pulses scheme when the Gibbs free energy of the CS-NPs (if they are successfully 
generated) is lower than the Gibbs free energy of the separated condensed nano-paticles  
(i.e., the shell material does not coat on the existing core particle but forms shell nano-
particles separately). The Gibbs free energy of the CS-NPs (if it is formed) is a function 
of the surface tension of the core and shell materials, and interfacial energy between core 
and shell material along with the size of the core and shell of the CS-NPs.  
 
2.3.2 Effect of background gas 
 
Based on the previous studies, particles condensation process from vaporized material of 
laser ablation is a strong function of the background gas. The differences in the thermal 
conductivity along with the density and viscosity of different background gases can 
result in a change of the thermal/flow fields and condensation process of nano-particle 
generated from laser ablation [55-57]. To identify the contribution of the background gas 
in the size, shape and composition of CS-NPs from the proposed double pulse laser 
ablation scheme, two background gases, namely, He and Ar (each thermal conductivities 
are 142.64 mW/m·K and 12.36 mW/m·K, respectively) are examined [56-57].  Cu/Zn 
and Sn/Si CS-NPs are chosen as the two combinations in this section considering the 
ease of generating CS-NP compared with other combinations studied in this research. 
Also, the single component NP from Cu and Si under different background gases have 
been well examined in the previous study which can provide a good comparison to this 
portion of work [53]. The detail experimental conditions for the background gas test are 
listed in table 2. The TEM images of the generated CS-NPs are presented in figure 12 ~ 
15. The sizes of nano-particles generated in He for both combinations are smaller (3~10 
nm) than that in Ar (20~30 nm) (figure 12 and 13). This trend is the same  as nano-
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particle generation from single pulse laser ablation [53]. In addition, more agglomerated 
particles and larger agglomerated structures are observed in He compared with that in Ar. 
Note that size of the agglomeration structure is inversely proportional to the size of 
composing NPs [69]. The stronger agglomerated structures appear commonly with 
smaller generated NP due to the larger accompanied Van der Waals force and 
electrostatic force when the NP size is reduced [53]. (see figure 14 and 15) More 
importantly, the particles in the particle chain in Ar are mostly Cu/Zn CS-NPs. One the 
other hand, the CS-NPs are lack in the agglomerated structures in He. The lack of CS 
structure in each agglomerate in He can be attributed to the much higher cooling rate of 
vaporized material in He and the associated smaller condensed core particles from the 
first laser ablation. These much smaller core particles from the first laser ablation in He 
can be digested with the laser induced plasma from the second laser ablation on the shell 
material, which prevents the formation of CS-NPs for double pulse laser ablation in He. 
In addition, the smaller core increase the value of Gibbs free energy of the CS-NPs if 
they are generated (equation 2.3), which impedes the formation of CS-NPs from these 
small cores in He compared with those big core generated from ablation in Ar based on  
the Gibbs free energy analysis as in the last section. 
 
As a short summary, the selection of background gas can change the configuration of 
condensed particles from double pulse laser ablation. Background gas with lower 
thermal conductivity (e.g., Ar) results in larger core particles from the first laser ablation 
and have higher chance to form CS-NPs compared with the experiments conducted in 
He with higher thermal conductivity. 
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Figure 12. Cu/Zn particles generated in Ar and He. (a) HRTEM image of Cu/Zn particles in Ar. 
(b) HRTEM image of Cu/Zn particles in He.  (c) EDS of particles group in Ar, and  (d) EDS of 
particles group in He. Particle in Ar are larger (20~30 nm) than that in He (3~10 nm). Also, less 
agglomerations are observed in Ar than that in He. Through both Cu and Zn signals are observed 
in agglomerated particle from the experiments in Ar and He, CS-NP structures are only observed 
in the constructing particles of the agglomerations in Ar but not that in He.  (Red arrow shows 
CS-NP) 
 
31 
 
 
 
 
Figure 13. Sn/glass particles in Ar and He. (a) HRTEM images of Sn/glass in Ar. (b) HRTEM 
image of Sn/glass particles in He. CS structures are observed in Ar but not in He. (c) EDS of 
agglomerations in Ar. Both Sn and SiO2 signals appear in EDS suggests a Sn/glass core/shell 
structure for the CS-NPs imaged. (d) EDS of the entire particle chain in He. Though Sn/SiO2 CS-
NPs are not observed from the experiment in He, both Sn and Si signals appear in the particle 
agglomeration.  (Red arrow shows CS-NPs) 
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Figure 14. Low magnification HRTEM images of Cu/Zn NPs in (a) Ar and (b) He, respectively. 
More agglomerations and longer agglomerated chains are observed in He than that in Ar. 
 
 
 
Figure 15. Low magnification HRTEM images of Sn/glass CS-NPs in (a) Ar and (b) He, 
respectively. Compared with the experiments in Ar, more agglomerations are observed for 
experiments in He than that in Ar. In addition, longer agglomerated chains are observed for 
experiments in He. 
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2.3.3 Effect of delay time between two lasers 
 
In this portion of study, delay time between two laser pulses is examined to identify the 
contribution of the delay time on the formation of CS-NPs compared with other 
controllable physical parameters. Ar is selected as the background gas due to the ease of 
forming CS-NPs as discussed in the last section. As described in chapter 2.3, particles 
condensation occurs from ~300 μs to ~a few ms after laser pulse for ablation in He. Also, 
particles agglomeration and growth are observed in the further delay times (few ms). 
Therefore, the delay time between the two laser pulses should be comparable or longer 
than ~300 μs to ~a few ms to fully condense core particles from the first laser pulse. 
However, it is a question whether or not a much longer delay time (>a few ms) between 
two laser pulses can benefit the generation of CS-NPs with new scheme proposed in this 
study because agglomerated big particles group are getting dispersed or diffused into 
background. To answer this question, two different delay times, namely, 1ms and 8ms, 
are tested to characterize the formation of CS-NPs from the proposed double laser pulse 
scheme. The results for Cu/Zn and Sn/glass combinations are presented in figure 16 to 
19. It is found that both core and shell materials are detected in all the agglomerations 
for both compositions studied when the delay time is equal to 1 ms. Furthermore, the 
agglomerations are composed with many CS-NPs under this shorter delay time. On the 
other hand, most of particles and agglomerations obtained from experiments with 8 ms 
delay time are composed of the single element (i.e., either with the core or the shell 
material). No CS-NPs are observed under this longer delay time. The poor generation of 
CS-NPs under longer delay time between two laser pulses can be attributed to the fluid 
dynamics (i.e., velocity field) of the particle plume after it is generated. It was observed 
in previous study that the condensed particle plume can move far away from the ablation 
site >10’s ms after the laser pulse [53]. This dynamics of condensed particle plume from 
the first laser pulse can result in poor mixing the condensed core particle and the 
vaporized shell material from the second laser pulse when the delay time becomes longer. 
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Figure 16. HRTEM image of Sn/glass CS-NPs when 1ms delay time is applied between two 
laser pulses. EDS is applied throughout the random particle group 1 to 5. All particle groups 
examined are composed mainly with Sn and SiO2 together based on the corresponding EDS 
measurements.  
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Figure 17. HRTEM image of Cu/Zn CS-NPs when 1ms delay time is applied between two laser 
pulses. EDS is applied throughout the random particle group 1 to 5. All particle groups examined 
are composed mainly with Cu and Zn together based on the corresponding EDS measurements. 
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Figure 18. HRTEM image of Sn/glass CS-NPs when 8ms delay time is applied between two 
laser pulses. EDS is applied throughout the random particle group 1 to 5. It is found that only 
group 4 and 5 have both Sn and SiO2. Group 1 to 3 are composed mainly with Sn based on the 
corresponding EDS measurements. 
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Figure 19. HRTEM image of Cu/Zn CS-NPs when 8ms delay time is applied between two laser 
pulses. EDS is applied throughout the random particle group 1 to 5. It is found that only group 5 
has both Cu and Zn signals. Group 1 to 4 has only Cu signal based on the corresponding EDS. 
 
 
2.3.4 Effect of laser energy 
 
Laser energy is another important factor which can affect the configuration of the CS-
NPs from the laser ablation. Larger nanoparticles can be generated from higher laser 
energy ablation due to large amount of mass removed from the target and the associated 
longer condensation process [55-57]. Note that the large core particles increase the 
possibility of the formation of CS-NPs based on the Gibbs free energy analysis in 
section (a). Therefore, it is expected that CS-NPs can be generated more easily when the 
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laser energy applied to the core material is increased. To verify this assumption, two 
different laser energies (8mJ, 31mJ) are examined for the ablation of core materials. In 
this controlled experiment, the laser energy for ablating the shell material was remained 
the same (i.e., 9 mJ). Cu/Zn and Sn/glass combinations are selected again as in the last 
section. TEM images of the generated CS-NPs under both laser energies are presented in 
figure 20 and 21. The size of particles generated from smaller laser energy (8mJ) are 
smaller (<~5 nm) than that from higher laser energy (31 mJ, ~10~30mn) for both 
combinations (i.e., Sn/glass and Cu/Zn) examined. A large number of CS-NPs are 
observed from higher laser energy while no CS-NPs were observed with the lower laser 
energy condition. All the observed particles from lower laser energy are pure particles 
contain either the core or shell material (figure 20(b) and (d), figure 21(b) and (d)). In 
addition to the Gibbs free energy analysis, the significant fewer CS-NPs with lower laser 
energy can be explained from plasma digestion due to the second laser pulse. The small 
core particle size from lower laser energy can be easily digested with the second laser 
induced plasma and prevents the formation of CS-NPs with the proposed double pulse 
laser ablation scheme.  
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Figure 20. Sn/glass CS-NPs generated from different laser energies for the core targets (E1) 
when the laser energy for the shell target (E2) is fixed at 9 mJ. (a) Sn/glass CS-NPs from 
experiments when E1=31 mJ,  (b) Sn/glass CS-NPs from  experiments when E1=8 mJ,  (c) EDS 
of generated Sn/glass CS-NPs when E1=31 mJ, (d) EDS of generated Sn/glass CS-NPs when 
E1=8 mJ.  More core and shell structures are observed at higher laser energy from the 
comparison between figure (a) and figure (b). The * peak in EDS results from the substrate of 
the TEM gird. 
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Figure 21. Cu/Zn CS-NPs generated from different laser energies for the core targets (E1) when 
the laser energy for the shell target (E2) is fixed at 9 mJ. (a) Cu/Zn CS-NPs from experiments 
when E1=31 mJ,  (b) Cu/Zn CS-NPs from  experiments when E1=8 mJ,  (c) EDS of generated 
Cu/Zn CS-NPs when E1=31 mJ, (d) EDS of generated Cu/Zn CS-NPs when E1=8 mJ. Note that 
more core and shell structures can be observed from E1=31 mJ under higher magnification ratio. 
The * peak in EDS results from the substrate of the TEM gird.  
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2.4 Summary 
 
Double pulse laser ablation scheme is proposed and examined in this study to generate 
core/shell nanoparticles (CS-NPs). Compared to other existing methods for generating 
CS-NPs, the double pulse laser ablation scheme is a simple in-situ method and can be 
applied to a wider variety of materials. Several types of core-shell nanoparticles (CS-
NPs) are successfully generated with the proposed double pulse laser ablation scheme. 
(e.g. Sn/Glass, Zn/Glass, Zn/Si, Ge/Si, Cu/Zn CS-NPs). Since CS-NPs do not appear 
under certain experimental conditions examined, four key factors affecting the 
generation of CS-NPs with this new scheme are also examined in this study, namely; (1) 
surface tensions of the constructing materials and the associated Gibbs free energy of the 
CS-NPs if they are formed, (2) contribution of background gases (i.e., He and Ar), (3) 
contribution of delay time between two laser pulses ablating the core and shell targets 
respectively, and (4) contribution of the laser energy applied to ablate the core material 
during the formation of CS-NPs. 
 
Based on the current study, CS-NPs can be successfully generated with the proposed two 
laser pulses scheme when the Gibbs free energy of the CS-NPs (if they are successfully 
generated) is lower than the Gibbs free energy of the separately condensed nano-paticles  
(i.e.,  the shell material does not coat on the existing core particle but forms shell nano-
particles separately). To obtain smaller Gibbs free energy of the resulting CS-NPs, the 
core material is better to be with higher surface tension than the shell material (though it 
is not a necessity).  Also, the larger core size will ease the formation of CS structures 
through increasing the difference between the Gibbs free energy of CS-NPs and the 
separated condensation situation (i.e., EΔ  value). The core particle size can be increased 
through reducing the thermal conductivity of the background gas (e.g., replacing He with 
Ar) along with increasing the laser energy applied to ablated the core material. As a 
results, best CS-NP formation is achieved with the proposed double pulse laser ablation 
in Ar under the maximum laser energy available with the laser utilized (i.e., ~31 mJ). It 
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is also observed that the delay time between two lasers can affect the successful rate of 
the formation of CS-NPs with the proposed new scheme. Appropriate delay time 
between two laser pulses is required for the maximum mixing of the condensed core 
particles with the vaporized shell material from the second laser pulse. The delay time 
between the two laser pulses should be longer than the condensation time of the 
vaporized core material from the first laser pulses (<~1 ms). On the other hand, the delay 
time between the two laser pulses cannot be too long. Poor material mixing is observed 
when the delay time between the two laser pulses is ≥8 ms in this study. The condensed 
core material is moving away from the ablation site under this long delay time and is 
attributed to the poor mixing of the two ablated material with this new scheme. 
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3. GENERATION OF CS-NPs WITH LASER ABLATION IN 
COLLOIDAL SOLUTION 
 
3.1 Introduction 
 
As described in the previous chapter, double pulse laser ablation involves rapid 
generation, mixing and condensation of plasma from two different samples within ~100s 
µs, which is difficult to be precisely controlled. In this chapter, we proposed laser 
ablation of a shell material in a liquid with existing core nanoparticles as an easier 
alternative to generate CS-NPs with high repeatability.   
 
One of the laser ablation methods for CS-NPs production, laser ablation of solids in 
liquid environments (i.e., laser ablation of a solid target at the liquid–solid interface) has 
attracted considerable attention due to its promising potential for high efficient material 
processing. The difference between laser ablation in colloidal solutions and that in a 
background gas is the additional confinement of the laser induced plasma/vapor plume 
with the colloidal solution during expansion [3]. The physical and chemical processes 
during laser ablation in colloidal solutions have been studied by many groups including 
the generation, transformation, and condensation of the laser induced plume in liquid 
[70-74].  During the early stage of laser ablation in colloidal solution, the incident laser 
pulse passes through the liquid and was absorbed by the surface of the solid sample in a 
few absorption depth [75]. The irradiated sample material is then heated and vaporized, 
which is called laser induced plasma plume in liquid. The induced vapor plume expands 
into the surrounding liquid accompanied with a generation of shockwaves in the liquid. 
The pressure and temperature of the liquid after the shockwave can be extremely highly 
(e.g., >~GPa for pressure) compared with the corresponding ablation in air [75-76]. The 
plume then cools and condenses into liquid and then solid phase (Nanoparticles) of the 
ablated sample in the confining liquid [77-78]. It is reported that the initial nucleation 
44 
 
 
and growth of nanoparticles in liquid ambient occurs much faster (~100’ ns) than that in 
air (~100’ μs) [53, 79].   
 
When nanoparticles exist in the liquid solution before the laser ablation, we expected 
that the pre-existing surface reduces the cost of surface formation and lowers the 
nucleation barrier (heterogeneous nucleation) for the ablated material, which leads to 
easier generation of CS-NPs compared with the double pulse scheme in the last chapter. 
Based on this understanding, we conducted the laser ablation of solid sample immersed 
in different colloidal solutions containing pre-existing seed particles. The colloidal 
solution in mainly transport for the wavelength of the laser selected.  The experimental 
parameters affecting the generation of CS-NPs from ablation in colloidal solutions and 
are studied in this chapter 3 include the contribution of (1) core materials, (2) shell 
materials, (3) laser conditions, and (4) core size to identify the size, shape and geometry 
on the formation of CS-NPs. The resulting CS-NPs are studied with UV-VIS-NIR 
spectrophotometer to investigate the optical performances of the CS-NPs from laser 
ablation in colloidal solution. 
 
3.2 Experimental Setup 
 
A schematic for the experimental setup is illustrated in figure 22. A nanosecond 
Nd:YAG laser (Continuum, Powerlite precision 8000 series) operating at 532 nm with 
E~100 mJ and 4 ns pulse duration is applied as the light source for ablation. The entire 
experiment was conducted in an open container with a liquid layer of 4~5 mm in depth. 
Solid samples are placed at the bottom of the container. Ablation of the immersed solid 
sample is achieved through delivering the focused laser light through the liquid layer 
which is almost optically transparent.  As a result, the ablated material is mixed with the 
liquid environment during and after the laser ablation. 
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 Nanoparticles are dispersed in the liquid to form a colloidal solution before the 
experiment. The pre-existing particles in the colloidal solution became the core of the 
core/shell nanoparticles to be generated in this study. Two types of liquid environment 
are prepared in this study, namely, Au colloidal solution and silica colloidal solution. 
The Au colloidal solution is prepared through mixing 0.1 g of HAuCl4 (Sigma Aldrich, 
Gold(III) chloride hydrate, 99.999% metalbase) with 10 g of pure DI water for 15 
minutes in the ultrasonic bath (see figure 23). The silica colloid is prepared through 
mixing 0.5 g of silica powder (0.1 or 1 μm in diameter) with 50 g of DI water for 1hr in 
the ultrasonic bath. TEM images of colloidal particles are presented in figure 23 (a) and 
(b). CdSe (ESPI Metals, pieces, 5N+ purity), Se (ESPI Metals, pieces, 5N+ purity), Sn 
(ESPI Metals, sheet, 1×1 inch, 3N purity), Si (Addisonengineering Inc., wafer, diameter 
125 mm, N-type, orientation <100>), and Cu (Goodfellow Inc., plate, 2×2 inch, 
99.99+% purity) are selected as the immersed solid target to be ablated as the shell 
material in the current study. The laser spot diameter was controlled to be ~ 1 mm during 
the 15 min to 40 min ablation of the immersed solid in this study. The generated 
particles after the ablation of specified solids in the colloidal solution are collected by 
carbon coated TEM grids (Electron Microscopy Sciences, CF200-Au, CF200-Cu) The 
colloidal solution is better mixed through ~15 min of sonication before the particle 
collection to ensure a consistent collection results.  
 
Examination of the size, shape, crystalline structure, and the material composition of the 
collected particles after the ablation are examined with a high resolution transmitted 
electron microscope (HRTEM, FEI Tecnai G2 F20 FE-TEM) and energy dispersive X-
ray spectroscopy (EDS, PGT EDS System), respectively.  
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Figure 22. Schematic of the experimental setup for the laser ablation in colloidal solutions. 
~1mm laser beam is focused on the target material in liquid. The thickness of surrounding liquid 
is applied about 3~5 mm. 
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Figure 23. TEM images of (a) seed Silica (SiO2) powder, (b) seed HAuCl4 cluster and 
generation of colloid with (c) mixing in DI water (d) ultrasonic mixing (15 min for Au cluster 
and 1 hr for SiO2 powder)  
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3.3  Results and Discussion 
 
Several combinations of CS-NPs are successfully generated (e.g., Au/CdSe, Au/Si, 
Au/Se, SiO2/Sn, SiO2/Cu, SiO2/Au and SiO2/Ag CS-NPs) with the proposed laser 
ablation in colloidal solutions. The characteristics of the generated CS-NPs with 
different (a) colloidal material, (b) shell material, (c) colloid size, and (d) laser 
conditions are summarized as follows. 
 
3.3.1. Laser ablation of semiconducting materials in Au colloidal solution 
 
(a) Au/CdSe, Au/Se, Au/Si CS-NPs formation  
 
Observations have been made for a long time on the interesting optical properties of 
nano-sized particles composed of Au due to its unique interband electronic transitions 
[80]. The optical properties of gold nanoparticles can be fine tunes to fit specified 
conditions by applying additional shell claddings. One of the important types of gold 
CS-NPs, CS-NPs made of Au core and dielectric or semiconductor shell are attracted 
attention to numerous research fields. For example, Au/silica CS-NPs can provide the 
surface plasmon amplification by stimulated emission of radiation (SPASER) that 
support the possible applications in nano-laser or nano-lithography [81-82]. Moreover, 
Au/CdS CS-NPs are known as its third-order nonlinear susceptibilities and ultra-fast 
nonlinear optical response so that application can be made in nonlinear optics [83-85]. 
Further, multilayered nanoparticles such as Au-Silica-Au particles provide the high 
tunability in extinction shift by adjusting its core and shell dimensions [86-88]. 
Considering its very promising application, Au colloid is chosen as the first liquid media.  
 
Au nanoparticle by surface plasmons can transfer to the conduction band of the 
semiconducting materials shell and recombine with holes in the valence band, which can 
cause the enhanced band gap and defect emissions [89]. Similarly, it is believed that 
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matching the surface plasmon polariton on Au core with the band gap energy of the 
semiconductor shell can lead to fast energy transfer between semiconductor shell and Au 
core [90]. These tunable band gap properties can be applied in non-linear optics and 
photocatalyst [83, 89, 91].  
 
The semiconducting materials selected in the ablation as the shell material are Se, CdSe 
and Si. The resulting Au/CdSe, Au/Se, Au/Si CS-NPs and the corresponding EDS 
profiles are illustrated in figure 24. From TEM images, core/shell structures are clearly 
observed in the generated particles. The pre-exiting Au colloids form the core of the 
generated core/shell structures with semiconductors as the shell. The sizes of the 
prepared Au colloids range from 5 to 70 nm in diameter. The observed shell thickness of 
each Au/CdSe, Au/Se and Au/Si CS-NPs are around 10~25 nm, 10~20 nm and 2~5 nm, 
respectively. Compared with CdSe and Se shells, the Si nanoshell is less uniform on the 
prepared Au core.  (c.f., figure 24(c)&(f))  
 
For all the Au-semiconductor combinations examined, a portion of ablated 
semiconductor shell material can always deposit on existing cores and forms CS 
structure. The remaining portion forms agglomerated single element nanoparticles of the 
shell material. The low selectivity between the core and shell material for the proposed 
laser ablation in colloidal solutions is different from the formation of core/shell 
structures with our previous double pulse laser ablation study. To understand the low 
selectivity with the new approach by ablation in colloidal solution, free energy analysis 
for the formation of CS-NP is calculated as follows. 
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Figure 24. TEM images of (a) Au/CdSe, (b) Au/Se, (c) Au/Si CS-NPs and corresponding EDS 
line profiles of (d) Au/CdSe, (e) Au/Se, (f) Au/Si CS-NPs. 
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(b) CS-NPs generation process in colloidal solution 
 
Based on the experimental results in section (a), a detailed description of CS-NPs 
generation steps is presented in figure 25. When laser beam arrives on the immersed 
solid sample (A), the light is absorbed by photon-electron coupling and melted by 
electron-phonon collision in the sample material. This will result in temperature 
increases above the melting and boiling temperatures, and the vapor plume forms and 
expands into the liquid (B). Due to the heat transfer from the plume to water 
environment, water vapor forms and surrounds the vapor plume.  At the beginning of 
plume generation, the colloids exist only in the water vapor and environment (B). 
Further, sample and water vapor are mixed during the plume expansion due to hydraulic 
instability and diffusion between two vapor molecules. Then the seed colloids move 
inside the mixed vapors (D). As temperature decreases below the melting point of the 
sample material, sample vapor condenses through the homogeneous nucleation or 
heterogeneous nucleation.  If condensation occurs on the existing seed surface, the seed 
particle coats with the sample material and CS-NP can be generated. Consequently, the 
colloidal solution will include CS-NPs and single NPs from the laser ablated material.  
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Figure 25. CS-NPs generation process during the laser ablation in colloidal solution 
 
(c) Free energy calculation of shell formation on the pre-existing surface 
 
Compared with the generation of CS-NPs from double pulse ablation, in which both core 
and shell material experience vapor to solid phase change during the CS-NPs formation, 
the core material of the present study pre-exists in the colloidal solution as solid nano 
colloids. The induced shell vapor from ablation of the shell material at the bottom of the 
colloidal solution is the only material in the vapor to solid phase change in this new 
method. Therefore, the corresponding free energy analysis is much more simplified 
compared with the double pulse laser ablations.  
 
Theoretically, nanoparticles generated from the laser ablation are explained with the 
nucleation and condensation processes of laser induced vapor plume as briefly described 
in section (b). Also, the particle sizes generated from the nucleation and condensation 
are determined from the critical radius of homogeneous nucleation and the duration of 
the particle growth [92-93].  Note that the homogeneous nucleation during the laser 
ablation refers to the phenomena that spherical droplets form in vapor without pre-
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existing concentration surfaces when the temperature of the laser induced vapor plume is 
less than the boiling temperature of the sample. However, if pre-existing surface is 
available during the condensation of laser induced vapor plume, the critical cluster will 
be formed either in the middle of vapor (homogeneous nucleation) or on the pre-existing 
surface (heterogeneous nucleation) as presented in figure 26.  
 
 
 
Figure 26. Two possibilities of condensation process with laser induced vaporized material.  It 
could be formed as a single nanoparticle through homogeneous nucleation or condensed on the 
existing nanoparticle through the heterogeneous nucleation 
 
Based on the classical nucleation theory, thermodynamic explanation of shell formation 
on the existing particle with the laser ablation is as follows. Assume that pre-existing 
surface is the perfect sphere (ex. silica nanoparticle), and the laser induced vaporized 
material is condensed on the existing particle at its boiling temperature (see figure 27), 
then the free energy of condensed material can be written as equation 3.1 [94] 
 
** mohohet f ϕϕ ϕΔ=Δ                                                 (3.1) 
 
where, *mohoϕΔ  is the formation free energy of the homogeneous critical cluster at the 
same conditions, ϕf  is a geometric factor defined as equation 3.2 [94] 
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where, r is the cluster radius, Rp is the particle radius,ϑ  is the contact angle, r* is the 
critical radius of homogeneous nuclei, and ϑcos222 pp rRRrd −+= . Geometric 
information is presented in figure 27. Note that the contact angle is related to the surface 
tensions between liquid and solid (σl,sol), vapor and liquid (σg,l), and vapor and solid 
(σg,sol). According to Young’s equation, the contact angle is express as equation 3.3.  
 
lg
sollsolg
,
,,cos σ
σσϑ −=   (3.3) 
 
As presented in equation 3.2, ϕf  is dependent on Rp,ϑ  and r*. Since r* is material 
dependant property, ϕf  is the actual function of Rp and ϑ . Figure 28 shows the 
calculated ϕf  profile with respect toϑ  and Rp in case of Cu nucleation on the spherical 
silica core. For all values of ϑ  and Rp, ϕf  is lower than one (0 < ϕf ≤ 1) represents that 
the existing surface reduces the cost of surface formation and makes nucleation barrier 
lower if pre-existing surface is available during the condensation process. Therefore, 
heterogeneous nucleation will likely be induced. Similarly, the laser induced vapor 
plume will easily be condensed on the pre-existing nanoparticles and it will form a 
core/shell structure due to its lower threshold energy barrier. Our experimental results 
are well matched with this energy consideration because a shell can always form on 
existing cores through ablation of the shell material in the colloidal solution. 
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Figure 27. A condensed cluster from laser induced vapor plume on a surface of a spherical 
particle. The tangent of the cluster surface is marked with σl,g, tangent of the particle surface with 
σl,sol, r is the cluster radius, Rp the particle radius and ϑ  is the contact angle. The corners of the 
triangle shown are the center of the spherical particle, the center of the cluster sphere and the 
point where cluster and particle surfaces meet. Tangent σl,g is perpendicular to the side r, and 
tangent σl,sol is perpendicular to the side Rp [94]. 
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Figure 28. (a) Profile of geometric factor ( ϕf ) with respect to contact angle (ϑ ), (b) Profile of 
ϕf  with respect to seed particle radius (Rp). For any Rp and ϑ  values, ϕf is less than one 
meaning that free energy for heterogeneous nucleation is always lower than homogeneous 
nucleation.  
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3.3.2 Laser ablation of metals in silica colloidal solution 
 
Based on the free energy consideration, it is expected that the formation of CS-NP is 
affected by the shell materials and the size of the core seed. Based on the free energy 
analysis, the Gibb’s free energy of the formation of CS-NPs is reduced (a) when the 
contact angle between the shell and core material becomes smaller, and (b) when the 
diameter of the core seed becomes smaller. The smaller Gibb’s free energy facilitates the 
formation of CS-NPs when the laser ablation is conducted in the colloidal solution. The 
formation of CS-NPs with different shell material and core diameters as well as the 
ablation times, which is one of the key laser parameters during laser ablation and the 
formation of CS-NPs are reported as follows.  
 
(a) Effect of shell materials on the CS-NPs generation  
 
To precisely control the size of the core seed, monodispersed silica nanoparticles are 
mixed with DI water as the colloidal solution during the liquid immersed laser ablation. 
Silica (SiO2) is an economic and stable base to construct dielectric/metal core/shell 
plasmatic structures valuable in biomedical applications [95-96]. Monodispersed SiO2 
can be prepared with standard Stöber process or sol-gel method [97-100]. 100 nm silica 
particles (Fiber Optic Center Inc., Angstromsphere Monodispersed Silica Powder) are 
selected in this study as the core seed of the DI water based colloidal solution. Four 
types of metals, namely, Sn,Cu, Ag and Au are chosen as the shell material to be ablated 
in the SiO2 colloidal solution for 30 min with E=~100 mJ and λ=532 nm. The resulting 
CS-NPs are presented in figure 29. For all four examined metals, ablated metal 
condenses on the surface of existing SiO2 colloids and forms CS-NPs. The shell quality 
shows big deviation among the four studied metals. For SiO2/Sn CS-NPs, fully covered 
but non-uniform shell layer made of small Sn clusters (<10nm) is observed in figure 29 
(a). However, SiO2/Cu CS-NPs shows the comparably uniform Cu shell with ~ 5 nm 
thickness. (see figure 29 (b)) For Ag or Au shell material, shell material is attached to 
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the SiO2 core as small separated spheres as in figure 29 (c) and (d). The shell quality 
with different shell material can be explained with adhesion energy of metal films on 
oxides [101]. The adhesion energy is the work needed to separate the metal/oxide 
interface which is expressed as [102] 
 
oxmoxvmvadhE /// γγγ −+=   (3.4) 
 
The adhesion energies of examined materials on SiO2 re listed in table 3. As presented, 
Cu has much stronger adhesion energy on the SiO2 surface than other examined 
materials indicating the strong bonding exists on the shell formation. Therefore smoother 
shell, compared with Sn, Au and Ag, can be obtained with Cu shell on the SiO2 core. 
Even though uniform shell is not formed with Sn as the shell material, a very thick Sn 
shell was formed on the SiO2 compared with all other three examined materials as 
shown in figure 29(a) under the same laser condition. This thick Sn shell can be 
explained with the thermal and optical properties of Sn as listed in table 4. Sn has high 
light absorption (lower reflectivity) at 532nm (the incident laser wavelength that we 
applied) and low ΔHfusion among the four shell material examined. As a result, much more 
Sn vapor can be generated during the laser ablation which allows a thick Sn shell to be 
condensed on the SiO2 surface. The spherical condensed structures of Au and Ag on the 
SiO2 shell can be attributed to the large contact angle between Au and Ag the SiO2 
surface as illustrated in table 3.   
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Table 3. Comparison of the interfacial properties between selected metals and the SiO2 surface 
[103] 
 
Metal adhE  (mJ/m2) mv /γ  (mJ/m2) oxv /γ  (mJ/m2) ϑ  (º) 
Ag 174 814-926 605 142 
Au 227-246 1125 605 140 
Cu 474 1233 605 128 
Sn 198-253 464-573 605 124 
 
 
Table 4. Comparison of optical and thermal properties of examined materials) 
 
 Sn Au Cu Ag 
Reflectivity (532nm) 0.54 0.76 0.61 0.95 
Surface tension (mN/m) 560 1169 1303 966 
Thermal conductivity (W/m-K) 66 318 401 429 
Tmelt(K) 505 1337 1357 1234 
Tboil (K) 75 3129 2835 2435 
ΔHfusion(kJ/mole) 7 12.5 13.2 11.2 
ΔHvaporization(kJ/mole) 296 324 300 250 
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Figure 29. TEM images of (a) SiO2/Sn, (b) SiO2/Cu, (c) SiO2/Au, (d) SiO2/Au CS-NPs and 
corresponding EDS results. SiO2/Sn and SiO2/Cu CS-NPs show the fully covered shell compared 
with SiO2/Au and SiO2/Ag CS-NPs. Therefore, EDS line profile was only taken for SiO2/Sn and 
SiO2/Cu CS-NPs (e, f). From TEM and EDS line profile, it is clearly show the generated SiO2/Sn 
and SiO2/Cu are core/shell structure. In (f) and (g), EDS signal show each attached small clusters 
are Au and Ag, respectively. Among four types, Cu shows the comparably uniform shell than 
other metals. Also Sn shows the fully covered but not uniform shell. Au and Ag present neither 
uniform nor fully covered shell.  
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(b) Effect of core size on the CS-NPs generation 
 
As described in the previous chapter (3.3.1.c), the core size affects the free energy on the 
shell formation. From the geometrical relation presented in equation 3.3 and figure 28 
(b), it is expected that the smaller core provides lower free energy barrier for the 
formation of CS-NPs and the resulting better quality of the CS-NPs structures. To verify 
our prediction, two different core sizes are examined, namely, 0.1 and 1 μm of SiO2 
nanoparticles. Cu and Sn, which can provide fully covered shell structures on the SiO2 
core under the laser condition, are selected as shell material in this portion of study. The 
resulting CS-NPs after 20 minutes of laser ablation are shown in figure 30. Based on 
figure 30, the shell structure is not significantly different for the two core sizes examined. 
This would be due to the size tested in the current study provides only ~3 % difference 
in the geometric factor (figure 28(b)). Therefore,  the size effect due to the lower energy 
barrier is not clearly observed when the core diameter reduces from 1 µm to 0.1 µm. 
However, compared with the 0.1 µm core seed, many single element particles wth the 
shell material aer formed in accompany with the CS-NPs when 1 μm core seed was 
applied. (Compare figure 30 (a) with (c)) This reduced of the formation of accompanied 
single element NP when smaller core seed was applied in the CS-NP generation can be 
explained with the larger available seed surface area for condensation during the laser 
ablation when smaller core seed was applied. Since the SiO2 colloidal solutions are 
prepared with constant colloidal mass to DI water ratio during the experiment, the 
number of core seeds as well as the surface area of the seeds are inversely proportional 
to the diameter of the SiO2 particles as the core seeds. The number of 0.1 μm of SiO2 
particles is a 1000 times larger than 1 μm of SiO2 under the same weight ratio, which 
corresponding to 10 times large surface area. As a result, available surface area for 
condensation with of small SiO2 particles (i.e., 0.1 µm) is 10 times larger than that with 
big SiO2 particles (i.e., 1 µm). Therefore, almost all the ablated material can attach to the 
core seeds and forms CS-NPs, which prevents the formation of the single element NPs 
from homogeneous nucleation, when smaller core seeds are applied.   
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Figure 30. TEM images of (a) SiO2/Sn CS-NPs with 1μm silica core, (b) SiO2/Sn CS-NPs with 
0.1μm silica core, (c) SiO2/Cu CS-NPs with 1μm silica core, (d) SiO2/Cu CS-NPs with 0.1μm 
silica core 
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(c) Effect of ablation time on the shell thickness 
 
The total mass of ablated material is proportional to the ablation time. In this section, 
different ablation times namely, 10, 20 and 30 min of laser ablation are applied on the 
immersed Cu and Sn samples in SiO2 colloidal solution with monodisperse silica 
particles of d~0.1 μm as the colloids. TEM images of generated CS-NPs are presented in 
figure 31. Based on figure 31, thicker shell are observed on the silica core when the 
ablation time is increased. Overall, it is found that most SiO2 particles are partially 
covered with Sn and Cu for 10 min ablation time as shown in 3.10 (a) and (b). The SiO2 
particles are fully covered after 30 min of laser ablation for both Sn and Cu targets as 
shown in (e) and (f). The increase of the shell thickness can be attributed to the increased 
of the ablated material with respect to the ablation time. As a result, more vaporized 
materials are condensed on the SiO2 particle which causes thicker shell as ablation time 
increases.  
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Figure 31. TEM images of (a) SiO2/Sn CS-NPs with 10 min of laser ablation, (b) SiO2/Cu CS-
NPs with 10 min of laser ablation (c) SiO2/Sn CS-NPs with 20 min of laser ablation, (d) 
SiO2/CuCS-NPs with 20 min of laser ablation, (e) SiO2/Sn CS-NPs with 30 min of laser ablation, 
(f) SiO2/CuCS-NPs with 30 min of laser ablation 
66 
 
 
3.4 Summary 
 
In this portion of study, CS-NPs generation with the laser ablation in colloidal solutions 
is experimentally examined. Compared to the double pulse laser ablation, this new 
methodology provides high productivity in CS-NP formation, a better control of the core 
size and shell thickness, and a higher flexibility in the selection of core and shell 
material. Two types of colloids are applied as the core materials, namely, Au and SiO2 
colloids. Results indicate that for all the core-shell material combinations examined, 
namely, Au/CdSe, Au/Se, Au/Si CS-NPs  SiO2/Sn, SiO2/Cu, SiO2/Ag and SiO2/Au, CS-
NPs are successfully generated. From the free energy analysis, it is found that the free 
energy of the shell formation depends on the core/shell interfacial energy and the core 
size. However, for all the core-shell combination, the free energy for the condensation of 
shell material on existing solid core (i.e., heterogeneous nucleation) is always smaller 
than the condensation of the ablated shell material into pure NPs through homogeneous 
nucleation.  
 
It is found in this study that the formation of CS-NPs through ablation of solid in 
colloidal solution is affected by (a) the adhesion energy between the core and shell 
material, (b) the diameter of the core seed, and (c) the ablation time. For adhesion energy, 
Cu, which has relatively higher adhesion energy to SiO2 compared with Sn, Au and Ag, 
provides comparably smooth and uniform shell formation while Au and Ag present poor 
quality shell formation. For smaller core diameter, resulting shell formation is not 
strongly affected by core size in the current conditions. However, smaller core can 
provide larger surface area during the vapor condensation when it attach to the core 
seeds and forms CS-NPs. For longer ablation time, shell thickness is presented as a 
strong function of ablation time indicating that the shell size can be controlled with the 
current method. 
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4. OPTICAL PROPERTIES OF CS-NPs 
 
4.1 Introduction 
 
One of the most important characteristics of metal NPs is the dependency of the optical 
properties on the particle size and shape. For example, Au is yellowish in colloidal 
solution, while thin Au films are blue under transmission imaging [104]. This blue color 
film steadily changes to orange, purple, and red, as the grain size of the film is reduced 
down to ~3 nm [104]. The change of the above color can be attributed to the shift of the 
wavelength of associated plasmon resonances [86], which is collective electron motion 
in response to the alternating electric field of incident electromagnetic radiation.  
 
CS-NPs allow tunable surface plasmon and localized plasmon resonance frequencies as 
functions of the size, shape, and material combination of the CS-NPs. [105]. The 
plasmon resonance can induce orders local field enhancement both inside and in the 
near-field of nanoparticles.  The enhanced electric filed is especially important in surface 
enhanced Raman spectroscopy [106], surface plasmon resonance sensing [107] and 
fluorescent enhancement when the detection  signal is proportional to the local electric 
field intensity [108].   
 
The frequency of the plasmon resonance can be observed from the absorption spectra of 
the CS-NPs. In the current study, UV-VIS-NIR spectrophotometer (Hitachi High-Tech, 
U-4100) is applied to measure the absorption spectra of collected SiO2/Au and SiO2/Ag 
CS-NPs in colloidal solutions. Description of the spectra measurement and the results 
are presented following 
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4.2 UV-VIS-NIR Spectroscopy 
 
UV-VIS-NIR spectroscopy measures the attenuation of a beam of light after passing 
through a sample (figure 32). The deuterium discharge lamp and the tungsten halogen 
lamp are applied as the light source for ultraviolet and near infrared spectral range. The 
wavelengths of these continuous light sources are split by a holographic grating in a 
single or double monochromator. The spectral bandpass is then determined by the 
monochromator slit width which is selected as 1nm in this study.  
 
 
 
 
 
 
Figure 32. UV-VIS-NIR spectroscopy. After source light is passing through the grating, light is 
split by wavelength and passing through the slit (aperture) and sample. Arriving light is 
measured with detector.   
 
Previous studies of the Au/SiO2 and Ag/SiO2 UV-VIS-NIR absorption spectra have been 
reported that two parameters affect the resonance peak shift on CS-NP.  The first is the 
Deuterium discharge lamp (UV) 
Tungsten halogen lamp (VIS-NIR) 
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Au (or Ag) filling ratio on the SiO2 surface, and the second is the shell thickness. With 
the non-complete shell which does not fully cover the core, the gradual red shift was 
observed when the filling ratio of Au (or Ag) on the SiO2 increases. Once the shell fully 
covers on the SiO2 surface, a big red shift is observed. Then this shift reduces as shell 
become thicker [109-112]  
 
Similar results are obtained in the current study. Figure 33 and 34 show the UV-VIS-
NIR absorption spectra of single and CS-NPs of Au and Ag, respectively. ~4nm of red 
shift observed with SiO2/Au CS-NP colloid compared with the single Au colloid. Also, 
the peak of SiO2/Ag CS-NP colloidal solution presents ~7 nm of red shift compared with 
the single Ag colloid. Note that our Ag and Au shells do not fully cover the SiO2 core as 
figure 35 and 36. Due to the incomplete shell structure, our CS-NPs do not provide 
significant big red shift, however, the peak shift with the similar filling rate are matched 
the trend determined from other groups [109, 113].   
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Figure 33. UV-VIS-NIR absorption spectra measured from SiO2/Au CS-NPs colloid, Au colloid 
and SiO2 colloid 
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Figure 34. UV-VIS-NIR absorption spectra of SiO2/Ag CS-NP and single Ag colloids. 
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Figure 35. SiO2/Au CS-NPs with 40 min of laser ablation. SiO2 core is uniformly covered by 
gold clusters, but the shell is not fully completed 
 
 
 
 
 
Figure 36. SiO2/Ag CS-NP with 40 min of laser ablation. SiO2 core is covered by silver clusters, 
but the shell is not fully completed 
73 
 
 
To better understand the measured optical property of the CS-NPs, electromagnetic field 
simulation is conducted by solving the Maxwell’s equations directly. The analytical and 
numerical theoretical analyses applied to determine the absorption spectra of CS-NPs are 
presented following. 
 
4.3 Analytical Theory Analysis 
 
The light interaction with the spherical particle was introduced by Mie, in 1908 [114]. 
The classical electromagnetic theory describes the diffraction of a plane wave by a 
homogeneous sphere of arbitrary size and composition embedded in a homogeneous 
medium [88].  Later study expanded Mie theory to describe the single and core/shell 
structured particles [114-115].  
 
4.3.1 Light attenuation by single NP and CS-NP in colloidal solution 
 
According to Beer-Lambert law, the absorption of light which is traveling through the 
material can be related by absorbance, transmissivity and the material optical properties 
as follows.  
 
303.2
loglog 01010
lNC
I
I
TA ext===   (4.1) 
 
Where, A is an absorbance, T is transmissivity, I0 and I are the intensity (or power) of 
the incident light and the transmitted light, N is the number of particles per unit volume, 
l is the light path length and Cext is the extinction cross-section of a particle. The cross-
section extinction includes the cross-section scattering and absorption as shown in 
equation 4.2. 
 
absscaext CCC +=   (4.2) 
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The corresponding scattering cross-section, Csca, and absorption cross-section, Cabs, can 
be expressed as equation 4.3 and 4.4 calculated via the Poynting-vector determined from 
equation 5.10 in reference [105]  
 
2
4
6
απ
kCsca =   (4.3) 
[ ]αImkCabs =   (4.4) 
 
where, α is the polarizability and λπ /2=k . Assumed small sphere of sub-wavelength 
diameter in the electrostatic approximation, α can be derived as equation 4.5 for a single 
conducting nanoparticle (see figure 37(a)), 
 
m
mr εε
εεπα
2
4 3 +
−=   (4.5) 
 
where, ε and εm are the dielectric functions of single nanoparticle and surrounding 
medium, r is the particle radius. In case of CS-NP as shown in figure 37(b), α can be 
expressed as equation 4.6 [105, 114] 
 
)2)(()/()2)(2(
)2)(()/()2)((4 3
3
3
mSSCSCSCmS
SmSCSCSCmS
S rr
rrr εεεεεεεε
εεεεεεεεπα −−+++
+−++−=  (4.6) 
                                    
where, εc, εs, εm are dielectric functions of the core, shell materials and surrounding 
medium, rc, rs are core and shell radius. From this equation the polarizability of the 
homogeneous particle can be derived when εc=εs and Rc=Rs. 
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Figure 37. Schematics of (a) single NP, (b) CS-NPs and corresponding geometries and properties 
 
In general, dielectric function, )()()( 21 ωεωεωε i+= , is the complex function with  
angular frequency ω. The real and imaginary parts of the dielectric function determine 
the storage and loss of energy within a material under an electric field. Therefore the 
interaction of metal with the electromagnetic field can be explained with the specified 
real and imaginary of dielectric functions. Each real and imaginary part of the dielectric 
function represents the degree of material polarization by an external electromagnetic 
field with regard to the incident light and the optical losses such as absorption due to 
interband transitions or inelastic electron-phonon/electron-electron interactions, 
respectively [116]. At certain optical frequencies, ε can be experimentally determined 
via a reflectrometer studies or through the complex refractive index 
)()()(~ ωκωω inn +=  of the medium. The complex refractive index and the complex 
dielectric constants are related as εω =)(~n , and [105] 
 
22
1 κε −= n   (4.7) 
κε n22 =     (4.8) 
2
2
2
1
12
2
1
2
εεε ++=n               (4.9) 
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n2
2εκ =                                           (4.10)            
 
where, n and κ refer to the refractive index and extinction coefficient, respectively. In 
the current study, n and κ can be obtained from tabulated data in handbook of optical 
constants of solids [117]. List of real and imaginary parts of dielectric function with 
different wavelength for Au and Ag are presented in table 5.  Note that the real part of 
the dielectric function of Au and Ag are largely negative as towards the longer 
wavelength of the spectral range representing the strong scattering of light. The 
imaginary part of the dielectric function of Au is larger than Ag throughout the visible 
spectrum indicating the stronger light absorption can be achieved from Au compared 
with Ag.  
 
The calculated extinction cross sections for single NP and CS-NPs are illustrated in 
figure 38. The resulting resonance peak shows big difference between the single NP and 
CS-NP. For a fair comparison, the size of single NP is selected to be the same as the 
outer diameter of CS-NP. For example, if 50 nm in diameter of Au core and 10 nm in 
thickness of SiO2 shell is measured on CS-NP, 60 nm in diameter of single Au NP is 
examined for the resonance peak comparison. Also, shell thickness is varied with the 
fixed core (50 nm in diameter) for the extinction cross section of CS-NP calculation. 
Based on the calculation with equation 4.2-4.6, red-shift resonance peak is observed with 
CS-NP compared with the peak of single NP (c.f., figure 38(a) and (b)). As shell 
thickness decreases, the red shift of the resonance peak wavelength of CS-NP increases 
compared with single element NP with the same size. In addition to the red shift of the 
absorption spectra, calculated extinction cross section of both CS-NP and single NP 
highly depends on the particle size. As the size increases, the extinction cross section of 
both single NPs and CS-NPs increases.  
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Table 5. Refractive index, extinction coefficient, and dielectric constants of Au and Ag 
 
Gold Silver 
Λ (nm) n k ε1  ε2 Λ (nm) n k ε1 ε2 
302 1.81 1.92 -0.4 6.96 302 1.5 0.88 1.46 2.64 
310 1.83 1.92 -0.32 7.01 306 1.43 0.77 1.46 2.19 
318 1.84 1.9 -0.24 7.01 310 1.32 0.65 1.33 1.71 
326 1.82 1.88 -0.2 6.85 312 1.25 0.59 1.21 1.46 
335 1.8 1.86 -0.23 6.69 314 1.15 0.54 1.03 1.24 
344 1.77 1.85 -0.29 6.52 316 1.04 0.51 0.83 1.07 
354 1.74 1.85 -0.39 6.43 318 0.93 0.5 0.61 0.94 
365 1.72 1.86 -0.52 6.39 320 0.82 0.53 0.39 0.86 
376 1.7 1.91 -0.76 6.47 322 0.71 0.57 0.18 0.8 
388 1.67 1.94 -0.95 6.48 324 0.62 0.61 0.01 0.75 
400 1.66 1.96 -1.08 6.49 326 0.53 0.66 -0.16 0.7 
413 1.64 1.96 -1.16 6.41 331 0.37 0.81 -0.52 0.6 
428 1.62 1.94 -1.15 6.27 332 0.32 0.9 -0.71 0.58 
443 1.56 1.9 -1.19 5.95 335 0.29 0.99 -0.89 0.58 
459 1.43 1.85 -1.37 5.26 340 0.26 1.12 -1.19 0.58 
477 1.24 1.8 -1.68 4.46 344 0.24 1.24 -1.48 0.59 
496 0.92 1.84 -2.55 3.37 354 0.21 1.44 -2.03 0.6 
517 0.61 2.12 -4.12 2.58 365 0.19 1.61 -2.56 0.6 
539 0.4 2.54 -6.29 2.04 376 0.2 1.67 -2.75 0.67 
564 0.31 2.88 -8.2 1.76 388 0.19 1.81 -3.24 0.7 
653 0.17 3.15 -9.89 1.05 400 0.17 1.95 -3.77 0.67 
689 0.16 3.8 -14.41 1.22 413 0.17 2.11 -4.42 0.73 
729 0.16 4.35 -18.9 1.43 428 0.16 2.26 -5.08 0.72 
775 0.17 4.86 -23.59 1.69 443 0.16 2.4 -5.74 0.75 
827 0.19 5.39 -29.02 2.03 459 0.14 2.56 -6.53 0.74 
886 0.21 5.88 -34.53 2.47 477 0.13 2.72 -7.38 0.72 
954 0.24 6.47 -41.81 3.05 496 0.13 2.88 -8.28 0.75 
1033 0.27 7.07 -49.91 3.85 517 0.13 3.07 -9.41 0.8 
1127 0.31 7.93 -62.79 4.95 539 0.13 3.25 -10.55 0.84 
1240 0.37 8.77 -76.77 6.52 564 0.12 3.45 -11.89 0.83 
1265 0.39 8.09 -65.3 6.29 590 0.12 3.66 -13.38 0.89 
1291 0.4 8.25 -67.9 6.65 620 0.13 3.88 -15.04 1.02 
653 0.14 4.15 -17.2 1.16 
689 0.14 4.44 -19.69 1.24 
729 0.15 4.74 -22.45 1.4 
775 0.14 5.09 -25.89 1.46 
827 0.15 5.5 -30.23 1.6 
886 0.16 5.95 -35.38 1.94 
954 0.2 6.43 -41.31 2.55 
1033 0.23 6.99 -48.81 3.16 
1127 0.25 7.67 -58.77 3.85 
1240 0.33 8.49 -71.97 5.59 
1265 0.38 7.78 -60.39 5.84 
  1291 0.38 7.92 -62.58 6.07 
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In order to explain the red shifted resonance peak with CS-NP, the real and imaginary 
part of polarizability is presented in figure 39 and 40. Note that the polarisability is the 
measure of the change in a molecule's electron oscillation in response to an applied 
electric field. As shown in figure 39(a), CS-NP presents much stronger polarizability 
than the single Au NP in both real and imaginary parts. This big difference can be 
explained with the origin of polarizability, which is determined by the coupled dielectric 
functions and the particle size. The polarizability of the single Au NP applied in the 
current study is determined by the coupled dielectric functions of two materials: Au and 
DI water. Since DI water is also an dielectric material with only real part dielectric 
constant. The light attenuation/absorption of the single element Au NP is mainly 
determined by Au and medium. However, in case of SiO2/Au CS-NP, its polarizability is 
determined by the dielectric functions of the core material (SiO2), shell material (Au) 
and the medium (DI water) as well as the core/shell size ratio. This coupled dielectric 
functions indicate that the electron oscillation of Au in CS-NP is strongly affected by 
core/shell geometry. Consequently, geometric/dielectric confined electron oscillation 
results in the big deviation of polarizability in CS-NP as shell thickness is changed. The 
polarizability directly contributes the absorption and scattering cross section through the 
particle as shown in equation 4.3. The calculation results of scattering and absorption 
cross section for single Au and SiO2/Au CS-NP are shown in figure 39(b). Results 
indicate that the resonance peak of both scattering and absorption cross section are red 
shifted with CS-NP as shell thickness is decreased while the peak is not much changed 
with single NP with different sizes. Note that the peak shift is attributed by big deviation 
of imaginary and real part of polarizability with the core/shell geometry.  
 
Similar results are obtained with Ag and is illustrated in figure 40. The polarizability of 
SiO2/Ag CS-NP  is also a strong function of shell thickness and provide red shift 
compared with pure Ag NPs. Compared with Au (figure 39(b)), Ag presents larger 
scattering cross section for both single NP and CS-NP as in figure 40(b).  The real part 
of the dielectric function of silver is a large negative number especially towards the 
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longer wavelength of the visible spectrum, which causes strong scattering of light As 
explained in the previous section. The imaginary part of the dielectric function of silver 
is small throughout the visible spectrum indicating weak light absorption. Due to 
coupling with different interband transitions, light attenuation through Au and Ag also 
shows some differences at different wavelengths. Nevertheless, red shifts are observed in 
core shell structures of both Au and Ag.  
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Figure 38. Calculated extinction cross sections of (a) Au single NP and SiO2/Au CS-NP with 
different shell thickness, (b) Ag single NP and SiO2/Ag CS-NP with different shell thickness 
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Figure 39. (a) Imaginary and real part of polarizability of Au NP and SiO2/Au CS-NP with 10 
and 20 nm thickness. (b) Absorption cross sections and scattering cross sections of Au NP and 
SiO2/Au CS-NP with different sizes. 
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Figure 40. (a) Imaginary and real part of polarizability of Ag NP and SiO2/Ag CS-NP with 10 
and 20 nm thickness. (b) Absorption cross sections and scattering cross sections of Ag NP and 
SiO2/Ag CS-NP with different sizes. 
 
4.4 Electromagnetic (EM) Field Simulation  
 
The response of a nanoparticle to an uniform static electric field of UV to IR 
wavelengths can be described with dipole moment of the particle. The dipole moment is 
the measure of the electrical polarity induced by assigned electro-magnetic field as 
expressed in equation 4.11 
 
0EP mαε=               (4.11) 
  
where, 0E  is an assigned static field around the nanoparticle and α  is polarizability 
defined in equation 4.5 and 4.6. Note that the dipole moment is induced by the induced 
oscillation of free electrons in response to the surrounding electro-magnetic field. which 
can directly affect the scattering of incident light from the nanoparticle. Compared with 
83 
 
 
pure nanoparticles, the polarizabiliy of CS-NPs is strongly affected not only by the 
material composition but also the geometry of the CS-NPs. It is indicated in the 
measurement of the previous section that the peak resonance of extinction cross section 
and the corresponding polarizability and dipole moment change with shell thicknesses of 
the CS-NPs, which is an important geometric factor of CS-NPs. In this section, 3D 
electromagnetic (EM) field simulation is performed to examine the local field 
enhancement around nanoparticles, which is also determined by the polarizabiliy of 
nanoparticle. Larger local field enhancement which corresponds to larger real part of the 
polarizability, generally speaking, corresponds to large absolute value of the 
polarizabiliyt which is the parameter determining the attenuating of light passing through 
nanoparticles as studied in the last section 
 
4.4.1 Electromagnetic (EM) Field Simulation using COMSOL 
  
A mμ18.08.0 ××  domain is applied to simulate the EM field distribution. A single NP 
or CS-NP is located at the center of frequency domain with a 40 nm core radius and t a 
10 or 20 nm shell thicknesses. The configuration of applied geometry is shown in figure 
41. Laser frequency is swapped from 4.1E15 Hz (729 nm in wavelength) to 8.9E15 Hz 
(335 nm) in the simulation. Plane waves are propagating through the z direction, and 
free tetrahedral mesh is applied as shown in figure 42. The required dielectric constant of 
Au, silica and DI water for the 3D simulation are from empirical tabulated data 
(refractive index, extinction coefficient) of ref 117[117] utilizing equation 4.7 and 4.8.  
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Figure 41. Configuration of the simulation domain in COMSOL software 
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Figure 42. Applied. tetrahedral meshes in the 3D EM simulation with finite element method.   
 
A zoomed in figure of nanoparticles placed at the center of the simulation domain as in 
figure 42 is illustrated in figure 43. The electric field vector of the entire domain can be 
simplified as following [105]  
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Further, initial and boundary conditions are followed as 
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Figure 43. Geometric configuration of nanoparticle in the 3D EM simulation.  
 
The obtained electric field distributions from solving equation41 with a commercial 
finite element platform (COMSOL 4.0a) are shown in figure 44-46. The color rendering 
of the obtained electric field intensity is unified in all simulations. The maximum electric 
field is illustrated figure 47. It is observed that the maximum E-field around the CS-NP 
is stronger than that of the single NP when λ >~500nm. Also, the electric field is 
enhanced as the shell thickness increases as illustrated in figure 47. Based on the 
simulation, the resonance peak is at ~516 nm for pure Au nanoparticles. For SiO2/Au 
CS-NPs, the stronger resonance peak shifts toward 729 nm. The electric field around the 
CS-NPs at λ=729 nm becomes stronger as shell thickness increases. The red shift and 
enhancement of the electric field enhancement around larger CS-NP compared with the 
pure nanoparticle in the simulation indicates the real portion of the polarizabiliy 
becomes larger and shifts toward longer wavelengths when pure nanoparticles are 
replaced with the CS-NPs. The trend of the change of the real portion of the polarizabiliy 
between pure and CS-NPs suggests the similar trend of the change of the absolute value 
of the polarizability which was observed experimentally in the last section.   
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Figure 44. EM simulation result of 40nm single Au NP. The incident light is from the top of each 
figure. 
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Figure 45. EM simulation result of SiO2/Au CS-NP (10nm of shell thickness). The incident light 
is from the top of each figure. 
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Figure 46. EM simulation result of SiO2/Au CS-NP (20nm of shell thickness). The incident light 
is from the top of each figure. 
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 Figure 47. Comparison of electric field around nanoparticles of different configurations (40 nm 
pure Au particle, SiO2/Au CS-NPs with 10 and 20 nm of shell thickness) 
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4.5 Summary 
 
In this portion of study, theoretical and experimental optical properties of CS-NPs are 
presented. From the examination, absorption spectra of the resulting Ag and Au CS-NPs 
are measured with UV-VIS-NIR spectroscopy. The shift of the absorption peak is 
explained with the plasmon resonance as a function of the shell thickness and shell 
coverage. In order to visualize the localized surface plasmon resonance around the single 
NP and CS-NP, Electric field simulation is performed.  
 
The absorption peak of single NP and CS-NP with Au and Ag is first determined 
theoretically with Beer lambert law and Mie theory. In order to find the absorption 
resonance peak, the extinction cross section of single NP and CS-NP are calculated. Due 
to different localized surface plasmon modes, calculation results show that Ag(Au)/SiO2 
CS-NP always provides red shifted compared with the single element Ag(Au) NP. In 
addition, the amount of red shift is proportional to the shell thickness of the CS-NPs.  
 
The optical characteristics of resulting single NP and CS-NPs (Ag and Au) generated 
from laser ablation in colloidal solution as described in chapter 4.2 are also 
experimentally examined with the UV-VIS-NIR spectroscopy.  Small red shift was 
observed with CS-NPs in the UV-VIS-NIR absorption spectra. In the smaller red shift 
compared with the theoretical prediction can be attributed to the poor shell coverage on 
the SiO2 core for the examined Au/SiO2 and Ag/SiO2 CS-NPs. Since Ag an Au have less 
adhesion energy on the SiO2 surface and small light absorption with our current laser 
condition, the shell quality is poor on the SiO2. As a result, the strong red shift owing to 
the strong plasmon resonance in the perfectly coated CS-NPs used in the theoretical 
analysis does not fully represented in the experimental measurements with the UV-VIS-
NIR spectroscopy.  
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Visualization of near field enhancement through CS-NP (and single NP) which directly 
relate the light absorption with NPs is also performed with a electric field simulation by 
solving Maxwell’s equations with finite element method. Based on the simulation, 
stronger dipole moment (E-field) is generated on the particles in the normal direction of 
the incident light. The amount of enhancement is proportional to the shell thickness of 
the CS-NPs. The observation field enhancement and red shift of the absorption peak of 
the CS-NPs can be understood with the size dependency of localized plasmon resonance 
on the CS-NPs.  
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5. CONCLUSIONS AND FUTURE RESEARCH 
 
5.1 Conclusions 
 
Core/Shell Nanoparticls (CS-NPs) have attracted a significant attention from the last few 
decades owing to its unique capability in tuning the optical, chemical and magnetic 
properties to the desired conditions compared to traditional nanoparticles (NPs). Most of 
the existing CS-NPs generation approaches are associated with chemical methods which 
are optimized for the generation of single element NPs and involve with by-products 
such as hazard solvents which are not eco-friendly. As a result, physical methods for the 
generation of CS-NPs have been developed in the recent decade in order to solve the 
disadvantages involved with chemical methods. In this study, novel CS-NPs generation 
techniques with laser ablation are studied. Laser ablation has been widely accepted in 
material processing owing to its applicability for almost all materials and relatively fast 
processing speed compared with other methods. Two types of CS-NPs generation with 
laser ablation are studied in my PhD. research, namely, double pulse laser ablation and 
laser ablation in colloidal solutions. The optical properties of obtained CS-NPs are 
characterized experimentally and theoretically with the UV-VIS-NIR spectroscopy and 
electromagnetic (EM) field simulation respectively. 
 
In the first part of this study, a sequence of double pulse laser ablation is applied on two 
adjacent samples to generate core/shell nanoparticles (CS-NPs). The condensation of the 
vapor plume from the first ablation forms the cores of the CS-NPs, which allow 
heterogeneous nucleation of the followed vapor plume of the second ablation on the 
shell material. Through properly control the experimental conditions such as the laser 
energy, delay time and the material combinations, we have successfully demonstrated 
the generation of CS-NPs. CS-NPs of Sn/Glass, Zn/Glass, Zn/Si, Ge/Si, Cu/Zn with this 
first scheme. It was found that the success of generation of CS-NPs with the double 
pulse scheme relies on the compatibility of the two selected target material along with 
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the experimental conditions during laser ablations. Key factors affecting the generation 
of CS-NPs with the double pulse laser ablation scheme and are examined in this study 
include; (1) surface tensions of the constructing materials and the associated Gibbs free 
energy of the CS-NPs, (2) contribution of background gases (i.e., He and Ar), (3) 
contribution of delay time between two laser pulses, and (4) contribution of the laser 
energy. CS-NPs can be successfully generated when the Gibbs free energy of the 
formation of CS-NP is lower than that for the formation of separated single component 
nanoparticles of the core and the shell material when two vaporized material are mixed 
together. In addition on the material compatibility, to successfully generate CS-NPs from 
double pulse laser ablation, the delay time between two lasers and the separation 
distance between the two targets should be precisely controlled to achieve the maximum 
mixing of the condensed core particles with the vaporized shell material from the second 
laser pulse. The diameter of the core of the CS-NPs can be increased through reducing 
the thermal conductivity of the background gas (e.g., replacing He with Ar) along with 
increasing the laser energy applied to ablated the core material.   
 
The second scheme examined for the generation of CS-NPs is through laser ablation of 
solid targets in colloidal solutions. With an appropriate laser energy and ablation time, 
the ablated vapor plume from the solid target in the colloidal solution can deposit on the 
colloids and forms CS-NPs. Compared with the double pulse laser ablation, this second 
method provides easier control of the size and shape of the core of the CS-NPs along 
with higher productivity of CS-NPs with desired size and material combinations. Two 
colloidal solutions, namely, Au and SiO2 colloidal solution are applied in the CS-NPs 
generation with the second scheme. Compared with the double pulse ablation, the 
second scheme has no explicit restriction of the compatibility between the core and shell 
material based on the experimental results and the Gibb’s free energy analysis. Key 
factors affecting the formation of CS-NPs with the second scheme and are examined in 
this research includes the effect of (a) shell material, (b) core size and (c) the duration of 
laser ablation. Results show that Cu, compared with Sn, Au and Ag, provides smooth 
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and uniform shell structures when SiO2 core was applied. The much better shell structure 
with Cu can be attributed to the extremely high adhesion energy between Cu and SiO2 
compared with other material examined. It is found that the shell formation is not 
strongly affected by core size in the current study when the core diameter is >~100 nm. 
The obtained shell thickness depends on the amount of ablation time. Thicker shell can 
be obtained with longer ablation time of the solid target in the colloidal solution.  
 
The absorption spectra of resulting CS-NPs are experimentally and theoretically studied 
with UV-VIS-NIR spectroscopy and full wave electrodynamics analysis.  Red shift of 
absorption peak occurs in both SiO2/Au and SiO2/Ag colloids compared with pure 
nanoparticles (NPs) of Au and Ag respectively. The amount of red-shift is sensitive to 
the shell condition and thickness of the CS-NPs. Poor coverage of the shell material 
corresponds to smaller red shift of the observed CS-NPs in the UV-VIS-NIR absorption 
spectra. In addition, the larger shell thickness also induces smaller red shift of the 
observed CS-NPs in the UV-VIS-NIR absorption spectra. The red shift is reproduced 
with the full wave analysis with finite element method under the same conditions. 
Visualization of near field enhancement through CS-NP (and single NP) is achieved 
with the 3D visualization of the commercial finite element package (COMSOL 4.0a). 
Based on the theoretical analysis, the strength of the localized surface plasmon 
resonance (dipole moment) is proportional to the shell thickness. As the experimental 
result, the amount of red shift of the absorption peak, however, is inversely proportional 
to the shell thickness. Based on the theoretical analysis, the red shift can be attributed to 
the additional surface plasmon resonance at the interface of metal/dielectric of the CS-
NPs. Through adjusting the material and size combination of the core and shell of the 
CS-NPs, red shift of the absorption peak of the CS-NPs can be achieved within a limit 
range (~10-100 nm) around the intrinsic absorption peak of the metal of the CS-NPs. 
The freedom of adjusting the absorption peak of CS-NPs in favorable in bio and optical 
applications when specified absorption peak of fixed wavelength is desired.  
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5.2 Future Research 
 
The current study can be extended for the generation of multi-layered CS-NPs by 
applying multiple laser ablation on different solid targets in the colloidal solution. The 
resulting NP is then covered with multiple shell of material from the multiple ablated 
targets (i.e., multiple-layered NP). The multi-layered CS-NPs with metal and dielectric 
materials can be applied as wide band plasmonic material with appropriate combination 
of the dielectric constants of the shell materials. These specially designed multi-layered 
CS-NPs can be important in bio-sensing, sub-diffraction limit, and single molecule 
detection as well as the construction blocks of  plasmonic devices. To precisely construct 
the desired multi-layered CS-NPs with the designed parameters, the following factors 
should be studied in the future. 
 
a. The ablation efficiency of solids and resulting plume dynamics in immersed 
liquids as functions laser conditions, material properties and liquid conditions 
b. The interaction of ablated materials on the multi-layered NP during the formation 
of additional shells  
c. The effective approached to extract the resulting CS-NPs from the liquid 
environment without causing additional reactions (e.g., oxidation of the shell 
material) 
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